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DIGITAL CODES FOR DESIGN AND EVALUATION OF CONVECTIVELY COOLED
ROCKET NOZZLE WITH APPLICATION TO NUCLEAR-TYPE ROCKET
by John E. Rohde, Rudolph A. Duscha, and George Derderian

Lewis Research Center

SUMMARY

The design of the coolant passages of a convectively cooled nozzle is dictated by heat-
transfer and flow considerations that are compatible with the overall rocket system and
acceptable stresses within the nozzle structure. The method presented for designing this
type of nozzle utilizes both a design and an evaluation computer program used in conjunc-
tion. These digital computer programs are coded in FORTRAN IV for use on an IBM 7094
computer.

The design program calculates coolant passage dimensions for a specified gas-side
wall temperature distribution, and the evaluation program calculates a gas-side wall tem-
perature distribution for specified coolant-passage dimensions. In addition, coolant con-
ditions are calculated, and all heat-transfer and fluid flow results are utilized to calcu-
late coolant-passage tangential and longitudinal stresses.

The programs are set up to utilize a range of heat-transfer correlations, different
tube surface roughness conditions, and a tube splice. The evaluation program has the
additional capability to handle radial or flat-plate heat conduction across the tube crown
and the application of a coating to the gas side of the coolant passage.

Application of these programs is shown for the design and the evaluation of a nuclear-
type rocket nozzle operating at chamber conditions of 4000° R and 530 pounds per square
inch absolute with hydrogen as both the coolant and the propellant. The wide range of
available heat-transfer correlations for both the hot-gas and coolant sides and the conduc-
tion model used across the tube crown result in maximum gas-side wall temperatures
ranging from 1550° to 2250° R. The majority of the calculated coolant-passage stresses
are well into the plastic range for the material considered (347 stainless steel).

INTRODUCTION

Contemporary designs being developed for high-thrust propulsion systems employ



convergent-divergent nozzles. For liquid-chemical-fueled and nuclear rockets, the noz-
zle is convectively cooled by the fuel.

The coolant-passage design for this nozzle is dictated by heat-transfer requirements,
flow considerations that are compatible with the overall rocket system, and acceptable
stresses within the nozzle structure. The final design is the result of many iterations
that involve the associated parameters of heat-transfer and flow considerations. The
complexity of these calculations and the numerous iterations involved require the use of
a high-speed digital computer.

Computer programs to perform these calculations are in use on a limited basis
throughout the rocket-nozzle-development industry and at government agencies. However,
there is an apparent lack of programs available for general use or being documented in a
form suitable for publication.

This report describes two computer programs developed at the Lewis Research
Center and discusses their application. The programs are written in FORTRAN IV for
use on an IBM 7094 computer. Usage of the programs will accomplish the required cal-
culations necessary for the final design of a convectively cooled rocket nozzle operating
at steady-state conditions. One program is employed for the design and the other for the
evaluation of this type of nozzle. The report is divided into a discussion of the analytical
formulation of the two programs and an application to a given design that also includes
determination of the effects of variations in available heat-transfer correlations and heat-
conduction model.

The design program utilizes the desired gas wall temperature profile as an input and
calculates the coolant-passage dimensions required to match it, while the evaluation pro-
gram utilizes fixed coolant-passage dimensions as an input and calculates the resulting
temperature profile. The preceding calculations are performed by an interrelated series
of heat-transfer and fluid-flow equations. The state of the coolant as it progresses
through the passage is also calculated. The results of the preceding calculations are
used at each specified axial increment to determine the magnitude of the tangential and
longitudinal stresses in the coolant-passage structure. The formulation of the coolant-
passage stress analysis is described in appendix C by Rene E. Chambellan.

The model chosen for the application is a convectively cooled 347 stainless-steel
conical nozzle with a throat diameter of 4. 3 inches, a contraction ratio of 12, and an ex-
pansion ratio of 8. This model is considered to be a scaled version of a nuclear-rocket
nozzle. Because nuclear rockets utilize hydrogen for attainment of high specific impulse,
hydrogen was chosen as the propellant and the coolant with equal flow rates of 16.7 pounds
per second. Chamber conditions are 4000° R and 530 pounds per square inch absolute,
and coolant inlet conditions are 56° R and 1150 pounds per square inch absolute.

Coolant-passage configurations for convectively cooled nozzles have been rectangu-
lar, circular, elliptical, and U- or D-shaped, as shown in figure 1. The coolant-passage
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Figure 1. - Coolant-passage configurations for convectively
cooled nozzles.

geometry of each of these programs has
been restricted specifically to the use of
flow areas for U- or D-shaped tubes. This
choice of geometry was made because U- or
D-shaped tubes are currently widely used
in the construction of nuclear-rocket-engine
nozzles.

In addition to the final design presented,
the use of the available heat-transfer corre-
lations leads to a wide range of predicted
values for coolant-passage wall tempera-
tures. These results for a fixed design can
be an aid to revising the design to allow a
slight amount of conservatism or safety
margin. A study of these effects was made
based on the design achieved for the previ-
ously mentioned conditions, and these re-
sults are also presented.

DESCRIPTION OF COMPUTER CODES
Basic Analytical Procedure

The design program and the evaluation

program are similar in that the same heat-transfer and pressure-drop equations are
used. The basic difference between the programs is that the design program utilizes
specified gas-side wall temperatures and determines the required coolant-passage geom-

etry, while the evaluation program uses a given coolant-passage geometry and calculates

the gas-side wall temperature.

Design procedure. - The design procedure is similar to that discussed in reference 1

and is as follows:
(1) Specify the input data

(a) Chamber fluid conditions, hot-gas-expansion data, flow rates, passage-wall
thickness, gas-side contour dimensions, coolant inlet conditions, number of

tubes, and material and fluid properties

(b) Gas-side wall temperature

(2) Calculate the hot-gas heat flux into the nozzle-coolant-passage wall
(3) Calculate the coolant-side wall temperature



(4) Calculate coolant-passage dimensions required to match specified wall tempera-
tures
(5) Calculate the coolant state
(6) Iterate items (4) and (5) until convergence is obtained on the coolant state within
prescribed limits '
(7) Calculate the coolant-passage wall stresses
Limitations in the form of geometry and flow conditions are imposed on this procedure.
Figure 2 illustrates the geometry of

Wwall thick .
all thickness  Heat flow ot gz —Tube crown a U-tube coolant passage. The approxi-
=P A= LSS mate flow area consists of a semicircle

\ 0"‘/ \\ 0’"‘ : : :

\ i’ \ & ~Braze of radius Rt,i combined with a trape-
Total N K zoid of a height equal to the total passage
assage Nt NN . .
Eeigh% ‘—Tu‘?‘einside §s U-tube § height minus Rt, i (All symbols are de-

radius, Ry i s § coolant ‘—Tangent pint  fined in appendix A.) The area of the
§s passage E semicircle of radius R, ; is considered
3

s s Back side— i as being the minimum allowable passage

\ o \i ,

3 3 \7 flow area. If the area required for heat-

N
> transfer purposes is smaller than this,
Pressure shell the minimum semicircular area and
///‘ shape are used. The resulting tempera-

CD-8579 tures are calculated by an evaluation

procedure within the design program.

A coolant velocity limitation in the
form of a maximum allowable Mach number is also set to preclude choked flow and ex-
cessive pressure drops. When this velocity limit is reached, the required coolant flow
area not to exceed this limit is determined, and the resulting temperatures are calcu-
lated by the same evaluation procedure as mentioned previously.

Another limitation related to the maximum allowable Mach number is a limitation on
the coolant static pressure. At high coolant velocities, conditions could exist, from one
increment along the coolant passage to the next, so that all the coolant pressure could be
lost. The reason is that in the established sequence of calculations, pressure drop is
calculated prior to the Mach number calculation. Therefore, before the limiting Mach
number routine increases the passage flow area, pressure conditions could be obtained
that would give unrealistic results. This possibility can be avoided by setting a minimum
coolant static pressure as a percentage of inlet pressure.

When this limit is reached, at any station for which passage dimensions are being
determined, the prescribed gas-side wall temperature at that station is too low and must
be increased. Consideration is first given to the possibility of the calculation being made
in the region of the nozzle where wall temperatures are decreasing, usually beyond the

Figure 2. - Description of U-tube coolant passage.

4



throat in the direction of coolant flow. The temperature is reset equal to a temperature
200° R lower than that existing at the previous station. Calculations are then repeated.

If this station were in a region of the nozzle where temperatures would be still increasing
at subsequent stations, a minimum pressure could again be reached and a second adjust-
ment of wall temperature would be required. This time the temperature is set equal to
that of the previous station. If the minimum pressure is reached a third time, the pro-
gram will stop and print out the results for each station up to the troublesome one. The
previously mentioned temperature adjustment routines in most cases should yield results
that are sufficient to allow the calculations to continue for the rest of the nozzle. How-
ever, if two adjustments are not adequate, the program is stopped and the existing results
are examined. This procedure is used rather than attempting to anticipate and adjust
within the program for any further unrealistic input values. If two adjustments of wall
temperature are adequate to avoid reaching the minimum pressure, the Mach-number -
area-adjustment routine could still cause an additional increase in the temperature, as
described previously.

Typically, the nozzle design resulting from the design program is refined by exterior
adjustments that are then used as input to the design or evaluation program. These re-
finements result from a trade-off between heat transfer, pressure losses, material se-
lection, stresses, and fabrication complexity. The predominant refinement of the final
result from the design program is the smoothing of the coolant-passage heights. For
fabrication purposes, the pressure shell axial profile desired is a smooth continuous
curve along the nozzle.

Evaluation procedure. - The evaluation procedure is similar to the design procedure
and is as follows:

(1) Specify the input data

(a) Chamber conditions, hot-gas-expansion data, flow rates, passage-wall thick-
nesses, gas-side contour dimensions, coolant inlet conditions, number of

tubes, material and fluid properties
(b) Coolant-passage dimensions
(2) Estimate the hot-gas heat flux into the nozzle coolant-passage wall
(3) Calculate the gas-side wall temperature
(4) Calculate the coolant-side wall temperature
(5) Calculate the coolant state
(6) Calculate the heat flux being added to the coolant
(7) Iterate items (2) to (6) until a balance exists between the two heat fluxes within
convergence limits
(8) Calculate the coolant-passage wall stresses
A limitation in the form of a minimum coolant static pressure is imposed on this
procedure to avoid complete loss of all the coolant pressure. When this limit is reached,



at any station, an informative message is printed and the evaluation program is restarted
with the inlet coolant pressure increased by 50 pounds per square inch. This limitation
will usually allow the complete evaluation of a nozzle in one run, which could require
several restarts.

Variations of design and evaluation procedures. - Each program has the provision
for incorporating the use of tube splices. In regions where the nozzle contour diameter
is much greater than that at the throat, the tube radius to thickness ratio could be so
large from a stress consideration associated with tube buckling that a tube splice would
be required. By doubling the number of tubes, this ratio would then be reduced by a fac-
tor of 2, and the potential for tube buckling would be reduced. The programs only con-
sider the use of a bifurcation as being practical from a fabrication viewpoint.

For the nuclear-rocket nozzle, the back or shell side of the coolant passage, which
is normally considered a non-heat-transfer surface, does transfer into the coolant the
heat generated within the nozzle pressure shell as a result of nuclear heating. Both pro-
grams have a provision to account for this heat as an addition to the total amount of heat
the coolant absorbs. However, the resulting temperature rise of the shell is not con-
sidered in the stress analysis. In addition, both programs have provision to include
thermal radiation as an addition to the hot-gas-side heat flux utilized. The radiation
heat-flux is specified in the form of an input constant at each nozzle station.

Provision is made in the evaluation program for the utilization of a coating on the
gas side of the coolant passage. The program accepts the coating in the form of either
a thermal resistance or a specific coating and thickness of coating at each section along
the nozzle. The use of a coating is presented inthe section Use of Thermal Barrier

Coating.

Heat-Transfer Equations Utilized

To accomplish the heat balance through the coolant-passage wall, equations are re-
quired for the convective heat-transfer coefficients on both the hot-gas side and the cool-
ant side. References 2 to 9 discuss the extensive amount of analytical and experimental
work that has been conducted in the area of heat transfer, which can be utilized for con-
vectively cooled rocket nozzles. The following correlations are a comprehensive collec-
tion selected to encompass the range of correlations available. However, the coolant-
side correlations have been restricted to the extent that only correlations obtained for
hydrogen were considered.

Hot-gas side. - Typical of the hot-gas-side equations is the Bartz equation of refer-

ence 2

Ny, = chefO' 8Pr?' 4 (1)



where C_ = 0.026 and where the properties are evaluated at a film temperature that is
the average of the gas-side wall and the gas-static temperatures.

Reference 3 has shown that this type of correlation is valid if appropriate values of
C_ are used with properties evaluated at a reference condition, as described subse-
quently. The authors of reference 3 indicated that C_ is a function of nozzle area ratio
and could vary from their experimental values for other nozzle contours. They also indi-
cated an exponent of 0.3 for the Prandtl number.

The Nusselt equation utilized for the computer programs is

Nu = CgRej?' 8Pr?' 3 (2)

The C g values are supplied as input to the program. Figure 3 shows three distinct
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Figure 3. - Various distributions of hot-gas-side correlation constant as function of nozzle area ratio.

curves of C_ as a function of nozzle area ratio. One is from reference 3, another is
from reference 4, and the third has been determined from unpublished heat-transfer data
and will be referred to hereinafter as the design curve. The curve from reference 4 is
based on equation (1) with properties evaluated at a film temperature defined as the aver-
age of the gas-side wall and the gas effective temperature, which is discussed in the
following paragraph. Both the curve from reference 3 and the design curve are based on
equation (2) with fluid properties evaluated at a reference condition, which is also dis-
cussed in the following paragraph. Values of C_ should be selected by taking into con-
sideration the experimental conditions for which these values were determined.

Reference 5 discusses the evaluation of properties for high velocity gas flow through
the use of a reference enthalpy. If any variation of the hot-gas specific heat is neglected,
a reference temperature for fluid properties evaluation of the same form as equation
(10-16) in reference 5 can be used as follows



Tpes =0-5Ty o+0.28 Ty o +0.22 Ty (3)

where

Tegs = T, o+ By(T (4)

eff g, g, tot ~ Tg, s)

and the turbulent flow recovery factor

R; = 3VPrref

For the range of conditions considered in this report, gas properties have been evaluated
at reference temperature as indicated.

The value of effective gas temperature is considered the driving temperature pro-
ducing the heat transfer across the gas film in the relation

<%> = hg(Teff B Tw, g) (5)
0

The resulting equation for the gas-side heat-transfer coefficient, which is used in the

0.8 0.3
g
Dy ¢ L\At¢/ H4Pp o kK Jo g

Included in the preceding equation is the film Reynolds number, which is defined as

Re _<W>Dpr
= ()
Agg) Py

programs, is

where

W
v PoVp
£0

and where b refers to a static condition. The term pf/pb is used to correct for the
value of the bulk density appearing in the v'v/Aﬂ term.




Coolant side. - Again, a type of Nusselt relation is used to calculate the heat-transfer

coefficient on the coolant side as follows
Nu, = C,Ref- 8p:0- 4,y (6)

where C, can be varied according to axial location or held constant. Properties are
evaluated at a coolant film temperature, which is the average of the coolant-side wall and
the coolant total temperatures.

The coefficients 01 and C2 are optional corrections or modifications. The correc-
tion C1 is that determined in reference 6 for turbulent flow and supercritical hydrogen
at pressures to about 800 pounds per square inch absolute. The term accounts for the ef-
fects of the extreme variations of the fluid properties across the boundary layer. It is

normally applied while using C, as a constant and equal to 0.0208. The relation for
determining 01 is

14
Cy=1.0+0.01457 w (7

Y

The existence of a secondary flow in curved pipes influences the heat-transfer coeffi-
cient and friction factor, as shown in references 7 and 8. The term 02 is a correction
for the effect of coolant passage curvature on the heat-transfer process. Although this
correction was derived from pressure-drop measurements, its adaptation to heat transfer
was made because of the analogy between fluid friction and heat transfer. The following
relation is employed that does not consider the effect of angular position as shown in ref-
erence 8:

‘20.05
C, = |Re (_t:1 (8)
2 fR

C

The original experimental friction factor results of reference 7 were published with the
Reynolds number as the bulk Reynolds number. To allow some degree of conservatism,
until better heat-transfer results for curvature effects are published, the Reynolds num-
ber used for heat transfer in the C2 term is that based on film conditions.

Reference 9 indicates that, for straight tubes and supercritical hydrogen at pressures
of 1000 to 2500 pounds per square inch absolute and turbulent flow, the relation

Nu, = 0.021 Rel" 8Prg' 4 (9)



is valid. However, it should be noted that equation (9) was derived from data where the
wall to bulk temperature ratios ranged from 1.5 to 11.0.

The resulting equation for the coolant-side heat-transfer coefficient, which is used
in the programs, is

0.8 0.4
_Cokg ¢ [/w \Puft Co
hy = ) cc
Pr,o [/ Mol \ K /ot

with the option available for using C1 and/or C2' Note that the film Reynolds number
for the coolant side is defined exactly the same as the hot-gas film Reynolds number.

Heat-transfer model. - To accomplish a heat balance across the coolant passage
wall, a working heat-transfer model with some simplifying assumptions is required. Fig-
ure 2 has illustrated the geometry of a U-tube coolant passage. The scalloped gas-side
wall configuration is sufficiently complex so that the flow conditions cannot be defined
readily in the braze region between the tubes. Previous experience leads to the observa-
tion that the top of the tube crown has the highest temperature and that the wall tempera-
ture diminishes at points closer to the tube braze. This temperature variation is further
augmented by the fin effect of the tube walls, which conducts heat away from the tube
crown. This leads to a complex two-dimensional heat-transfer problem in which the heat-
transfer coefficients vary around the tube wall on both the inner and outer surfaces. The
present state of development in the theory of nozzle design does not warrant a two-
dimensional heat-flow analysis, because of its additional complexity.

The objective of the heat-transfer model is to circumvent this complexity and yet ob-
tain a realistic heat balance across the coolant passage wall. This balance is necessary
for the determination of the metal wall temperatures and the coolant heat pickup.

Meaningful metal wall temperatures can be obtained by considering the tube crown
only, which is the region of maximum temperature. The tube portion exposed to the hot
gas can be arbitrarily divided into two parts, according to the predominant mode of heat
flow. One portion, the crown, transmits heat in a path essentially radial toward the tube
centerline, whereas the remaining portion transmits heat in a skewed direction down
toward the heat sink in the braze region where adjacent tubes meet. One-dimensional
heat flow in the tube crown region can be considered radial or the area of heat flow for
the outside and inside surface can be considered equal, as in the case of a flat plate.

The true crown temperature is equal to or less than the maximum possible temperature
based on pure radial heat flow, and the flat plate temperature is believed to set a lower
limit for encompassing the true temperature. However, if experimental results estab-

lish that temperatures well below the flat plate temperatures exist, a complex analysis

as described previously could be justified.

10



The following equations are for one-dimensional radial flow of heat through a cylin-
der

T -T ,-= ' (10)

where (q/A) o 1S the heat flux entering the tube and is determined by

a\ -
<X>o =h(Tegt - Ty o) (11)

The heat flux leaving the tube on the inside is

&)~ &) w

i o t,i

where the difference in the outside and inside areas is accounted for.
The following equations are for the one-dimensional flow of heat through a flat plate
of constant area

=__ 9 (13)

where (q/A)0 is calculated through the use of equation (11) and (q/A)i = (q/A)o.

There is a significant difference between the temperature produced by the two meth-
ods. As shown later in this report in the section Heat-conduction-model effect, the use
of the radial heat-transfer equation results in a value of gas wall temperature 200° R
greater than that obtained by the use of the flat-plate heat-transfer equation for typical
conditions at the nozzle throat. Therefore, the use of the radial equation is more conser-
vative and is used in both programs with the option of flat-plate heat flow being available
in the evaluation program. .

Another area of concern, in completing the heat balance across the coolant passage
wall, is the heat input to the coolant

11



: =Z<%>2-d nAht’ ? "

where (q/A)z_ d,n and Aht, , are the outside heat flux and surface area over the incre-
ment considered for a two-dimensional study. This heat flux would be the result of a two-
dimensional analysis mentioned earlier as being too complex for use in the programs.

The following equation can be used with the radial or flat-plate one-dimensional equa-
tion as a basis

- /4
q= <X> Apy (15)
1-d,cr

where the surface area used for heat transfer is

A=Al 1R €

ht t,0,av c,av

where € c.av is a heat-transfer-area correction. The value of € c.av used does not ap-
’

preciably affect the wall temperature, but it does affect the coolant heat pickup, as shown
in the section Heat-transfer-area correction effect. A generally accepted value for
€ c,av is 0.8, and this value is used throughout fhis report, except where noted.

The definition of the heat-transfer-area correction can be made in the following

form:

n q A
A ht,n
2-d,n

a
<X> Aht, sc
1-d,cr

If the two-dimensional study were performed at each station along the nozzle, a set of
values for € c could be established. By assuming that the established value of € c at

each station will remain constant for slight perturbations of conditions, the use of equa-
tion (15) should yield results essentially equal to those of equation (14). This two-
dimensional approach is recommended when attempting to match experimental coolant
exit temperatures accurately.

12




Fluid Flow Equations Utilized

Pressure drop. - Two factors, friction pressure drop and momentum pressure drop,
comprise the complete coolant pressure drop calculated by the program. Any coolant
passage inlet and exit losses are excluded and have to be considered for each separate
design.

The friction pressure drop is calculated from

2
2G Al
p s, avD H, av®

are determined as average values over the increment A{ as

where Gav and DH, av

follows:

G =Y = 2w (17)
av A +
Apg av Ao, 1t Agp, 2

_ Mg av g 1t Ay, ) (18)

H,av
WPav WP1 + WP2

D

The value of p s, av is determined from an average static pressure and average static
enthalpy over Af.

For smooth tube conditions, the friction factor is determined by equation (6-8b) of
reference 10, which is recommended for extrapolation to high values of Reynolds number.

Equation (6-8b) is given as

1
\/—f:— =4.0 1og<Reav \/f—> -0.40 (19)

For rough tube conditions, the friction factor is determined by the equation

=-4.0 log/ € +_1.255 (20)
‘3'7 DH, av Reav\/f_

1
Vi
of reference 11, where e is the tube relative roughness.

13



These equations are used in the program, and the average Reynolds number is calcu-

lated from

G.. D
Re,, = _av'H,av (21)
i
av

where Gav’ DH, av’ and B,y are average values over Af, evaluated as previously dis-

cussed.
A pressure drop curvature correction C3 from reference 7 is applied to the friction

factor, similar to the heat-transfer curvature correction 02 that was applied to the heat-
transfer coefficient. The equation

9]9-05

Co = |Re. [Tbi (22)
3 avli g
C

is used where the Reynolds number is the same one as used for evaluating the friction
factor. The term C3 is applied to the friction factor as follows:

with fc being used in equation (16). The range of validity for C2 and C3 is

2
R, .
Re(JLE) =6
R,

The momentum pressure drop is calculated from

w2 1

Ap = - 1 (23)
O gAg 4y (psAfﬂ>2 (psAf!Z)l

where Aﬂ’ av is the average flow area over A(.

Determination of coolant stagnation and static conditions. - The inlet conditions,
temperature and pressure, of the coolant are pr:ascribed and are considered as being the
stagnation or total temperature and the static pressure. For all practical purposes at the
inlet to the coolant passage, total and static conditions are equal because of the low veloci-
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ties usually existing there. These criteria have been adopted to facilitate the comparison
of test data with analytical results. Generally, the inlet total temperature and static
pressure would be measured because the instrumentation required is simpler.

Initially, the static condition is assumed to be equal to the total condition, and itera-
tions are required to arrive at the true conditions. From the relation

2
PpVp
Piot = Pg + —— (24)
tot s 2
the total pressure at the inlet is calculated. The density used is evaluated at an average
between the static and total conditions, which is assumed to be adequate for the low inlet
velocities. The value of Piot and the prescribed value of Tt ot determine the total con-
dition for obtaining the total enthalpy Ht ot’ By using this value for Ht ot and the relation
Vlz’ (25)
H, = - 25
s Htot 267
a value of static enthalpy H s is obtained and when combined with the given pressure
yields the static condition. The iteration to arrive at an average density finally results
in completely known static and total conditions.
The total heat pickup by the coolant between the nozzle stations is based on an aver-
age heat flux over the increment and heat-transfer surface area between stations:

q
(X> Aht, av
av
A = (26)
Htot W

For the design of a nuclear rocket nozzle where heat is also generated within the nozzle
pressure shell, provision is made for including this heat in the coolant enthalpy increase.
The heat generation rate in Btu per cubic inch per second is specified as input data. The
average value between stations is multiplied by the incremental shell volume, and it is
assumed that all this heat enters the coolant. This value is then added to the heat trans-
ferred to the coolant from the hot gas. Therefore,

H, ot,2 = H, ot, 1% AH, ; + Nuclear heat addition 27
is the enthalpy of the coolant at station 2. The static condition at station 2 is determined
by using this enthalpy in equation (25) and the static pressure calculation described in the
section Pressure drop.
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The total condition of the coolant will be known when the iteration on total pressure
is completed. For large differences between the total and static conditions, the varia-
tions of the density term in equation (24) must be known. To avoid the problem of deter-
mining the variation between those two conditions, a relation was derived for the varia-
tion of total pressure, through the use of the energy equation and defining state equations.
The derivation is described in appendix B, and the result is as follows

T o T
= tot, av tot,av " tot,av
APgot = thot, av AHtot( - T—’ > - Apfr( - : > (B13)
5,av ps, av' s, av

where all averages are arithmetic mean values from station 1 to station 2. It can be seen
that, for the low velocity case, where static and total conditions are nearly equal, the
change in total pressure is approximately equal to the friction pressure drop, which is to
be expected. With this relation for the change in total pressure, the value of total pres-
sure at station 2 is obtained, and the iteration is made by using the new values for total
conditions in the Aptot relation. Thus, the total fluid condition at station 2 is deter-

mined.

Coolant-Passage Stress Analysis Utilized

The final design is based on considerations of heat transfer, pressure drop, and
stresses developed in the structure. The temperatures of the coolant passage material
alone are not necessarily indicative of safe operation; therefore, a stress analysis was
incorporated into the programs. The stress calculations are made for each station, after
the heat-transfer and pressure-drop routines have determined local temperatures and
pressures.

Since it is anticipated that thermal stresses due to the temperature gradients will be
very high, the assumption that deformations will be elastic gives a qualitative character
to the results. Because of the complexity of a plastic-elastic analysis, one was not in-
cluded. Use of the stress-strain curves for the materials can give an insight into the de-
gree of yielding that can occur. The calculated stresses can be of value for predicting
the relative adequacy of a nozzle design.

The idealized structure for the U-tube thick-shell configuration was assumed to con-
sist of completely circular tubes supported in a bundle by a relatively thick shell, as
shown in figure 4. Since the region of interest, the hot gas semicircular tube crown re-
gion, is adequately represented by this configuration, it is assumed valid for the purpose
intended in the programs.
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Idealized ~
circular

Figure 4. - Tube and shell idealized model for stress calculations showing orientation of
stresses.

In general, the supporting conical shell is thick compared with the tube walls, which
means that it will be much stiffer than the tubes. Therefore, the tubes will give negligi-
ble resistance to deformation of the shell, and the tubes will deform as the shell dictates.
No distinction is made for the fact that the flow passage diameter (which is the diameter
of the tube crown in the U-tube configuration) varies along the nozzle length. Local con-
ditions arising from bending of the shell at the throat and knuckle are neglected. The
method used to analyze the nozzle stresses is discussed in appendix C, where the equa-
tions used in the analysis are presented.

The three pertinent calculated stresses shown in figure 4 are the total tangential
stress at the inner and outer fibers of the tube crown and the average tube longitudinal
stress. The tangential stresses consist of both bending and the membrane stresses at
the crown. The longitudinal stress is caused by the net longitudinal strain in the tubes,
due primarily to the large temperature difference within the material from the hot-gas
side to the cold-shell side and the pressure forces acting on the shell.

Another important structural consideration is the possible occurrence of buckling of
the tube crown due to longitudinal stress. Since no adequate buckling analysis exists for
this configuration, no attempt has been made to perform such an analysis for these pro-
grams. ﬁowever, an analytical approach for similar situations is presented in refer-
ence 12. This reference delineates that the longitudinal stress and the ratio of tube crown
radius to tube thickness are important parameters with regard to tube buckling, and both
should be maintained at as low a value as possible to prevent buckling.
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The specific details of the use of both the design and the evaluation codes are de-

scribed in appendix D.

APPLICATION OF THE CODES TO A NUCLEAR-ROCKET-TYPE NOZZLE
Design Procedure

In the situation where a completely new nozzle design is required, various parameters
would be known and fixed, a range could exist for some, and others would be open for ex-
amination for effect. In the case of designing a nozzle for a nuclear rocket, the hot-gas
conditions, that is, flow rate, and reactor exit temperature and pressure, would be set.
For either flight or reactor test conditions, an exit area ratio would be established also.
By knowing these values, an inside contour for the nozzle is determined for either a coni-
cal or bell-shaped nozzle. The convergence region could be a subject for examination,
such as determining the effect of convergence angle on the heat-transfer and stress re-
sults. Usually there are governing factors such as overall length and the interface design
between the reactor pressure vessel and nozzle pressure shell; therefore, it will be as-
sumed that the complete gas-side contour and fluid condition would be set.

On the coolant side, an exit temperature and pressure requirement would exist to
allow a matching of system conditions. The coolant inlet temperature would be estab-
lished according to supply conditions. The inlet pressure would be a variable up to a
maximum value equal to the feed systems limitations. Therefore, two criteria associ-
ated with the coolant to be achieved by the design would be a fixed minimum temperature
rise and a pressure drop not exceeding the maximum allowable. The coolant flow rate
for a nuclear nozzle would be essentially equal to the hot-gas flow rate. A slight devia-
tion could exist to allow for a small percentage of bleed off from the main coolant supply
to cool other parts of the system.

The major parameter to be specified as input is the hot-gas-side wall temperature
distribution. The actual distribution desired is difficult to specify until some initial re-
sults have been obtained and the effect of these temperatures on the overall design deter-
mined. As a start, a suitable approach is to specify a relatively low constant gas-side
wall temperature and a Mach number limit of 0.3. The Mach number, pressure, and
minimum area limitations would then cause the program to recalculate new temperatures
for the region where the low temperatures are unobtainable. A higher constant tempera-
ture and a Mach number limit of 0.3 could be specified and a new design obtained. The
results of these two designs should reasonably bracket the final design desired. Typi-
cally, the gas-side wall temperatures and related heat fluxes reach a peak near the throat
and then drop to lower values in the regions fore and aft of the throat.
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Nozzle conditions. - A scaled down configuration of a nuclear-rocket nozzle was
chosen as the model for the example presented herein. Chamber conditions were set at
4000° R and 530 pounds per square inch absolute, and coolant inlet conditions were set at
56° R and 1150 pounds per square inch absolute. A throat diameter of 4.3 inches was es-

tablished. Hydrogen was the coolant and the propellant with equal flow rates of 16.7
pounds per second being used. Figure 5 shows the gas-side contour, axial station divi-
sion of the nozzle and lists the basic dimensions.

i 12.13in. j Station
1
_

—2

L

—3
Exhaust

31.00 in. 4.30 in.

rKngckle 119

5.0-in. rad.

Hot gas

[ 1,

I 14.90 in. ;,I CD-8581

Figure 5. - Nozzle gas-side contour and station location.

The coolant passage material selected was 347 stainless steel with properties as
shown in figure 6. The initial selection of the number of tubes is made by selecting
probable minimum values of tube wall thickness and tube crown radius that can be fabri-
cated readily. A thickness of 0.012 inch and a radius of 1/16 inch were assumed to be
reasonable values based on existing fabrication information. By using these values, the
throat diameter of 4. 3 inches, and a gap thickness for shim and braze material between
tubes of 0.010 inch, the number of tubes determined as an initial number for which to
obtain results was 90. The use of other numbers of tubes is discussed later.

The following assumptions were made to obtain the results for the design discussion
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Figure 6. - Properties of 347 stainless steel as function of material temperature from curve fits of data,

that follows. On the gas side, equation (2) was used in conjunction with the design C
curve of figure 3 (p. 7), with fluid properties being evaluated at reference temperature
of equation (3). On the coolant side, because of the high coolant pressure range, equa-
tion (9) was used.

The program calculations were made at each of the 25 axial stations into which the
nozzle was divided, as shown in figure 5. Because the calculations assume a linear rela-
tion in each variable from one station to the next, the lengths between stations are not
uniform. In regions where small changes in variables occur, relatively large distances
were chosen. In the region near the throat where variables are rapidly changing, incre-
ments were chosen small enough so that the assumption of linear changes would still be
valid and not lead to erroneous results.

Temperatures and heights of coolant passages. - A temperature of 1300° R and an-
other of 1700° R were chosen as the initial constant values of gas-side wall temperatures
for two design runs. Figure 7 shows the resulting temperature distributions produced by
the program limitation features. The constant temperature of 1300° R was achieved up
to station 8. At station 9, the Mach number limit of 0.3 was exceeded, so that the pas-
sage area was increased to just produce this flow condition. This resulted in a wall tem-
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Figure 7. - Effect of gas-side wall temperature input on results of design program.
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perature of 15 14° R. This Mach number limitation was the governing factor at each suc-
cesive station up to and including station 18. The required increase in flow area resulted
in the calculated temperatures, as shown in figure 7(a). At station 19, the area required
to produce 1300° R was smaller than the limiting semicircular minimum area. The use
of the minimum area resulted in a temperature of 1809° R. This minimum area limita-
tion was the governing factor at each successive station up to and including the final one
and also resulted in temperatures higher than the specified input value of 1300° R.

For the next computer run, the constant temperature of 1700° R was maintained up
to station 10. At station 11, the Mach number limit again prevailed and continued to pro-
duce temperatures in excess of 1700° R up to station 18. For stations 19 to 21, the mini-
mum area limitation governed and also produced temperatures greater than 1700° R.
Conditions for stations 22 to 25 permitted the attainment of the specified 1700° R.

The third temperature distribution, shown in figure 7(a), is that resulting from an
input of 1700° R for the first 20 stations and 1300° R for the remaining five. Therefore,
the results for the first 20 stations are identical to those for a constant input of 1700° R
for the entire nozzle. At station 19, the minimum area limitation governed and prevailed
for the rest of the remaining stations resulting in a temperature distribution similar to
that for a constant input of 1300° R but higher by about 50° R at each station.

TABLE I. - COOLANT TEMPERATURE RISE AND PRESSURE

DROP FOR THREE TEMPERATURE DISTRIBUTIONS

Total coolant Temperature input, °r
conditions

1300 1700 | 1700 and 1300

Temperature rise, AT, °rR 94.3 86.4 87.8
Pressure drop, Ap, psi 180.3 | 158.1 160.5

Table I gives the coolant temperature rise and pressure drop for each run. The
1300° R case produces the highest coolant temperature rise due to the cooler wall tem-
peratures and resulting greater heat flux. This case also has the greatest pressure drop
due predominantly to the smaller tube flow areas required to produce the cooler tempera-
tures. The combined 1700° and 1300° R case with wall temperatures appreciably cooler
than those of the 1700° R case at the last three stations produced no appreciable increase
in coolant pressure drop over the 1700° R case.

Figure 7(b) shows the axial distribution of total passage heights for each case. The
combined 1700° and 1300° R case heights are the same as those of the 1700° R case up to
station 21 and then are the same as those of the 1300° R case for the rest of the length.
From the results indicated in figure 7 and table I, it is apparent that in the cylindrical
part, upstream from the convergent region, the use of minimum areas at stations 21 to 25
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(indicated by the constant value of total height) yields the most acceptable results. In the
throat region from stations 8 to 18 either case results in irregular coolant passage
heights.

Starting with the results from the design procedure, the first step is the smoothing
of the coolant passage heights from one station to another. These heights combined with
the fixed gas-side wall diameters determine the inside shell contour. This contour must
be selected to produce a smooth transition from one section to another without any dis-
continuities and must also be based on matching the preliminary design coolant passage
heights as closely as possible. The selected shell contour with resulting coolant passage
heights is then checked through the use of the evaluation program, to determine if un-
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Figure 8. - Final results obtained through use of design and evaluation programs, Case 1.

23



acceptable material temperatures, coolant exit temperature, or coolant pressure losses
are produced. This procedure is repeated until an acceptable shell contour is obtained.

The final coolant passage conditions resulting from the aforementioned procedure
are referred to as those of case 1 and are shown in figure 8. Figure 8(a) shows the final
hot-gas wall temperature distribution and figure 8(b) shows the total passage height vari-
ation along the nozzle. The coolant temperature rise is 87. 4° R and the pressure drop
is 116. 8 pounds per square inch. The gas-side wall temperature varies from approxi-
mately 1500° R at both the divergent and convergent regions to 2250° R in the throat re-
gion. The design Mach number limit of 0.3 could be increased to allow smaller passage
areas that would reduce this calculated temperature of 2250° R. However, this would
also result in an increased pressure drop thereby possibly requiring an increase in cool-
ant inlet pressure.

This design was accepted as is, because conditions in the coolant passage of a nozzle
are such that this should be conservative and actual temperatures should be lower. The
correlations used on the coolant side did not include any curvature effect at the throat or
any effect of coolant property variation due to the extremes existing between the wall
temperature and the coolant temperature. Later it will be shown how the variations
available produce a range of predicted temperatures.

Coolant-passage stresses. - Figure 9 shows the stresses for these cases. It can be
seen that basically they follow the contour and temperature distribution profiles. In all
cases the maximum values for each specific stress are nearly identical. By referring to
the yield strength curve of figure 6 (p. 20), it is apparent that almost all resultant calcu-
lated stresses are in the plastic region. Therefore, conventional engineering criteria,
based on yield strength, for predicting failure cannot be used. As the design becomes
more nearly fixed, the conditions are severe enough to demand a detailed analysis of what
really can be expected from a structural aspect. The predominant factor causing the high
values of stress is the large difference in temperature from the hot-gas side to the cold
shell. For the conditions being considered, it is difficult to reduce the large stresses
through geometry modifications alone. However, if a thermal-barrier type of coating
were put on a given design, this difference in temperature would be reduced markedly
with a corresponding decrease in stresses and coolant exit temperature. The results of
putting a coating on this design is discussed in the section Use of Thermal Barrier Coating.

Variation in number of coolant tubes. - When the final temperature distribution of
figure 8(a) was achieved, it was used for two more sets of design calculations, one for
80 tubes and the other for 100 tubes. The 100-tube case results in comparable values for
temperature rise and pressure drop of 86. 7° R and 126. 6 pounds per square inch, re-
spectively. Although the gas-side wall temperature distribution achieved was identical
to the 90-tube case, the minimum tube radius at the throat of 0. 0525 inch appears to be
approaching a fabrication limitation. The 80-tube case results in higher temperatures in
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Figure 9. - Coolant-passage stresses as influenced by gas-side wall temperature input for
design program.

TABLE II. - GAS-SIDE WALL TEM-

PERATURE FOR DIFFERENT

NUMBER OF TUBES

the cylindrical region because the minimum area re-
striction for the wider tubes results in larger flow

- 5 areas than those of the 90-tube case. Table I shows
Station Temperature, "R the comparison of these temperatures for stations 19
90 Tubes 80 Tubes to 25. Only the 80-tube- and 90-tube-case tempera-
19 2000 2005 tures are shown, because as noted previously, those
20 1800 1923 for the 100-tube case were identical to those of the
21 1734 1885 90-tube case. The higher temperatures of the 80-tube
22 1692 1846 case are not desired. Therefore, of the three different
23 1638 1795
24 1578 1735 numbers f)f tubes, the value of 90 appears to be an ade-
L 25 1509 1664 quate choice.
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Effect of Assumptions on the Design

This section illustrates how the evaluation program is used to determine the possible
variations in predicted conditions during steady-state operation for a fixed design. These
variations are produced by varying the correlations used and assumptions made during
the design phase. ¥ any of these variations produce an excessive wall temperature, pres-
sure drop, or temperature rise, the results must be analyzed with the possibility of re-
design or the addition of a coating. I the decision is made to redesign, the nozzle is sent
back to the design program with the assumptions that proved to be troublesome being in-
corporated into the design for conservatism.

In the sections Heat-Transfer Equations Utilized and Fluid-Flow Equations Utilized,
the following variations were presented:

2
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(b) Coolant correlation, Nug = 0.0208 Re;0- 8Pr,0- 41.0 + 0.01457 vy, fuy).

Figure 10. - Effect of gas-side correlation on gas-side wall temperatures.
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(3) A curvature correction on the
coolant-side heat-transfer
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(5) A heat-transfer-area correc-
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Heat-transfer-correlation effects. -

Figures 10 and 11 show the effect pro-
duced by the variations of items (1)
and (2). The case numbers in the fig-
ure are listed in table II with some
of the significant resulting differences.
Figures 10(a) and (b) show the ef-
fect on the gas-side wall temperatures
produced by varying the hot-gas-side
correlation while using identical
coolant-side correlations, respectively,
as indicated in the figures. The hot-
gas-side correlation and/or Cg distri-
bution that is selected can be seen to
have an appreciable effect on the wall
temperature. An overall deviation of
about 200° R exists between the maxi-
mum temperatures of the three curves
of each figure.
Figure 11(a) is a replot of the tem-
perature distributions of cases 1 and 5.

27



TABLE III. - HEAT-TRANSFER CORRELATIONS AND RESULTS FOR CASES EVALUATED

Case Gas-side equation C e Gas film temperature Coolant equation Exit total | Exit total
tempera- | pressure,
ture, psia
°r
7
_ 0.8 ,.0.3 : _ _ 0.8 ,.0.4
1 Nuf = Cg Re; Prf Design Tf = Tref Nuf =0.021 Ref Prf 143.4 1043
_ 0.8 ,..0.3 _ _ 0.8 ,.0.4
2 Nuf = Cg Ref Prf Ref. 3 Tf = Tref Nuf =0.021 Ref Prf 137.3 1050
a _ 0.8 ,.0.4 _ _ 0.8 ,..0.4
3 Nuf = Cg Ref Prf Ref. 4 Tf = (Teff + Tw,g)/z Nuf = 0.021 Ref Prf 150.6 1037
_ 0.8 5..0.3 _ _ 0.8 ,.0.4
4 Nuf = Cg Ref Prf Ref. 3 Tf = Tref Nuf = 0.0208 Ref Prf C1 155.7 1029
_ 0.8 ,..0.3 . _ _ 0.8 ,.0.4
5 Nuf = Cg Ref Prf Design Tf = Tref Nuf = 0.0208 Ref Prf C1 166.9 1012
a _ 0.8 5..0.4 _ _ 0.8 ,.0.4
6 Nuf = Cg Ref Prf Ref. 4 Tf = (Teff + Tw, g)/2 Nuf =0.0208 Ref Prf C1 181.3 993

35ee appendix D for program revisions necessary to run cases 3, 6, and 7.

This figure is a comparison of the effect of identical hot-gas-side correlations and indi-
cates that the effect of the different coolant-side correlations on wall temperature for
these conditions is more significant. The deviation between maximum temperatures is
about 500° R and is also the same for the other two pairs of curves shown in figures
10(a) and (b).

Figures 11(b) and (c) show a comparison of the coolant total pressure and tempera-
ture distribution, respectively, for the same two cases, 1 and 5. These figures and ta-
ble III indicate that the combination of hot-gas-side and coolant-side correlations has a
significant effect on coolant conditions. For example, between the combination of cases
2 and 6, the coolant exit temperature varies from 137° to 181° R and the coolant exit
pressure varies from 1050 to 993 pounds per square inch absolute.

The resulting variation of inside surface heat fluxes for cases 1 and 5 is shown in
figure 11(d). The maximum heat flux varies from 14.0 to 18.8 Btu per square inch per
second in the throat region and drops to approximately 4 and 2 Btu per square inch per
second in the convergent and divergent sections, respectively. Although not shown, the
outside surface heat fluxes vary considerably from the inside surface heat fluxes for the
case of radial heat flow. For example, the maximum heat fluxes near the throat vary
from 11.7 to 14. 0 Btu per square inch per second and 15.7 to 18. 8 Btu per square inch
per second for the outside and inside heat fluxes of cases 1 and b, respectively.

These variations indicate that the use of the design assumptions of case 1, design
C_ curve, and the coolant correlation of reference 9, produce high wall temperatures
on the average but relatively low coolant heat pickup. The remaining comparisons of
items (3) to (7) are made by using the design assumptions of case 1 as the standard

case.
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Figure 12, - Gas-side wall temperature variations produced by curvature effect on heat
transfer. Case 1.

Curvature heat-transfer-correction effect. - Figure 12 shows the variations pro-
duced in the wall temperaturéﬁl’oy the C2 correction in the localized regions of axial gas
wall curvature. The heat-transfer enhancement due to curvature in the throat region has
reduced the wall temperatures about 250° R. However, as mentioned previously the angu-
lar effect is not considered in this correction, and that is why this correction does not
produce a smooth gas wall temperature distribution.

Heat-conduction-model effect. - Figure 13 shows the differences that exist if the
heat-transfer calculations are based on either one-dimensional radial heat flow across
the tube crown utilizing cylindrical geometry or normal heat flow utilizing flat-plate
geometry. Figure 13(a) shows a reduction of approximately 200° R in maximum gas-
side wall temperatures due to the use of flat-plate heat-conduction equations across the
crown of the tube. Figures 13(b) and (c) show the resulting differences in coolant total
pressure and temperature as being relatively small.

Heat-transfer-area correction effect. - Figure 14(a) shows the effect on the coolant
heat pickup produced by a variation from 0. 75 to 0. 90 in the area correction €. This
variation produces a significant increase in the coolant exit temperature of 21° R while
producing only a 125° R variation in wall temperatures in the chamber region, as shown
in figure 14(b).

Coolant tube roughness and curvature effects. - Figure 15 shows the singular and
combined effects of roughness and axial gas wall curvature on the coolant pressure. For
the nozzle under analysis the rough tubes produced a decrease in exit pressure of
53 pounds per square inch and the curvature reduced the exit pressure by 18 pounds per
square inch. The value of tube relative roughness e used was 0. 00006 inch, the value for
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Figure 13, - Comparison of variations produced by use of radial or flat plate heat
conduction through tube crown. Case 1.
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Figure 14. - Variations produced in case 1 by changing value for area correction.
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Figure 15, - Effects produced on total pressure by tube roughness and curvature, Case 1.

commercially drawn tubes.
Combined effects. - As an additional check, the nozzle design is evaluated with the

assumptions that will produce the maximum coolant heat pickup and pressure loss in the
coolant passage, the lowest possible wall temperatures reasoned to exist in the nozzle,

and the anticipated range of coolant passage stress values.
Coolant: To achieve the maximum coolant heat pickup and pressure loss in the cool-

ant passage the following assumptions were made:

(1) Flat-plate heat conduction applies
(2) A fluid-properties variation correction on the convective heat-transfer coefficient

C 1 applies
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Figure 16, - Comparison of design values with minimum and maximum heat pickup and
pressure loss cases.



(3) The maximum Cg curve applies

(4) The tubes are rough

(5) A curvature correction on the friction factor C3 applies
These assumptions will be referred to as case 7.

Figure 16(a) shows the significant drop in wall temperatures by comparing the result-
ing gas-side wall temperatures, case 7, against the designed values, case 1. As can be
seen from figures 16(b) and (c), respectively, the bulk coolant temperature has increased
by 41° R and the exit pressure has decreased by 210 pounds per square inch. However,
to see the most significant effect, comparisons of the coolant velocity in each case must
be made as shown in figure 17. This comparison gives an indication that the coolant flow
may be in danger of choking. The maximum velocity has increased from 760 to 1100 feet
per second and the maximum Mach number has increased from 0.3 to 0.5. In addition,
this trend can be further augmented by increasing the area correction above 0. 8.

Also, shown in figure 16 are the curves for minimum heat pickup and pressure drop,
case 2. This case results in relatively negligible deviations of coolant conditions from
the design, case 1, but produces an anticipated range of coolant conditions when combined
with the maximum heat pickup and pressure drop curve, case 7.

Wall temperatures: To achieve the minimum wall temperatures thought to exist in
the nozzle, the following assumptions were made:

12x10%
Case

Coolant velocity, ft/sec

oLt v bbb e o T

25 23 21 19 171513119 7 5 3 1
Station

Figure 17. - Effect produced by maximum heat pickup and pressure loss on coolant velocity.
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Figure 18. - Comparison of design gas-side wall temperatures with expected minimum
gas-side wall temperatures.

(1) Flat-plate heat conduction applies
(2) A fluid-properties variation correction on the convective heat-transfer coefficient
C1 applies

(3) The minimum C_ curve applies
These assumptions will be referred to as case 8.

The resulting wall temperatures of case 8 are shown in figure 18 and, when com-
bined with the temperatures of case 1, produce a range of anticipated wall temperatures.
This range includes a variation from 1550° to 2250° R in the predicted maximum gas wall
temperature. However, this range does not include the effects of coolant passage curva-
ture on heat transfer that would further reduce the maximum wall temperature.

Coolant passage stresses: As the coolant passage stresses are primarily a function
of wall temperatures, the stress comparison will be made by using the maximum wall
temperature range of cases 1 and 8. Figure 19 shows the anticipated range of stresses
produced by the uncertainty in the heat-transfer analysis. It should be noted that a con-
siderable drop in the magnitude of the stresses is produced by the lower material tem-
perature of case 8.
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Figure 19, - Variations in tube stresses produced by heat-transfer correlations.



Use of Thermal-Barrier Coating

The evaluation program has the provision for the addition of a coating to the gas side
of the coolant passages.

This coating would be added to an existing nozzle for uprating it
or to a design with excessively high wall temperatures.

Figures 20 and 21 show the ef-
fects of two different thermal resistances on the designed nozzle. Figure 20 shows the

marked decrease in the metal wall temperature and the marked increase in the gas-side

coating wall temperatures. Figure 21 shows the decrease in all the tube wall stresses
produced by the thermal resistance. However, the stress analysis presented in this re-
port does not consider the coating. Although the tube stresses are reduced, the stresses
in the coating and mismatch due to relative thermal expansion between tube and coating
may still be excessive and would require further analysis.

Figures 19 and 21 show that the variation in the predicted wall temperatures pro-

duced a greater reduction in the stresses than the thermal resistance. However, it may
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Figure 20. - Gas wall and gas-side metal wall temperature profiles produced by addition of
thermai barrier to designed nozzle for case 1.
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Figure 21. - Tube stress variation produced by addition of thermal barrier to designed
nozzle for case 1.

be observed that the temperature reduction caused by the thermal resistance would also
be superimposed on the reduction due to the use of the assumptions that produced varia-
tions in the predicted wall temperatures.

Off-Design Conditions

The evaluation program can also be used to determine the conditions that exist at
off -design points and the maximum extent to which a nozzle could be uprated based on
some given criterion of failure. Figure 22(a) shows the high wall temperatures that re-
sult when the nozzle chamber pressure is increased to 1000 pounds per square inch
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Figure 22, - Results for uprated conditions of designed nozzle. Chamber pressure,
1000 pounds per square inch absolute,
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absolute from the design value of 530 pounds per square inch absolute and the coolant in-
let pressure is increased to 1500 from 1150 pounds per square inch absolute. The spread
of 500° R between the wall temperatures of the two uprated cases indicates potential fail-
ure of the nozzle if the correlations of case 1 were to apply. Figure 22(b) shows the range
of inside surface heat fluxes that result from the uprating of conditions.

General Remarks

The previous discussion has been written in a general manner to give an insight into
the approach to be used in obtaining a nozzle design. Each specific design has its own
requirements that have to be obtained through a complete analysis whereby many parame-
ters such as tube number, tube thickness, tube material, coolant inlet pressure, and
possibly coolant inlet temperature and flow rate would be varied. For the purposes of
this report, a detailed discussion describing all of the permutations possible leading to
a final design was not deemed:necessary.

CONCLUDING REMARKS

The large number of perturbations leading to any given final design for a nozzle
coolant passage substantiates the requirement for the use of a design and evaluation pro-
gram in conjunction, as shown in this report. Each program complements the other and
together they produce the design, initial evaluation, and final resulting evaluation of fea-
sible convectively cooled U- or D-tube nozzles with hydrogen as both the coolant and the
propellant.

The programs are set up to allow the option as to the heat-transfer correlations uti-
lized, the condition of tube roughness employed, and the use of a tube splice. Additional
options of radial or flat plate heat conduction across the tube crown and adding a coating
to the gas side of the coolant passage exist in the evaluation program.

The design program is used to determine a feasible nozzle coolant passage by using
certain basic assumptions, fabrication limits, and a physical limit. The fabrication lim-
its used were wall thickness of 0.012 inch and a minimum inside coolant tube radius of
1/16 inch. The physical limit used was a Mach number limit of 0.3 on the coolant flow.
These limits were combined with reasonable wall temperatures and minimum coolant
pressure loss requirements to produce a realistic design.

The results presented are for a U-tube nozzle with a throat diameter of 4. 3 inches,
a contraction ratio of 12, an expansion ratio of 8, and a total length of 31 inches. The
nozzle is to operate at a chamber condition of 4000° R and 530 pounds per square inch
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absolute and coolant inlet condition of 56° R and 1150 pounds per square inch absolute
with hydrogen as both the coolant and the propellant.

The final contour determined by the design program for the nozzle coolant passage
was smoothed, and the effects of varying the basic assumptions were then checked by the
use of the evaluation program. These variations include the following items:

(1) Three curves of C_ values with two hot-gas heat-transfer correlations

(2) Two coolant heat-transfer correlations

(3) A curvature correction on the coolant-side heat-transfer correlation

(4) Two modes of heat conduction through the tube crown

(5) A heat-transfer-area correction for the heat added to the coolant

(6) Two types of wall-surface conditions for friction pressure losses

('7) A curvature correction on the friction factor

The variations of the hot-gas and coolant-heat-transfer correlations employed pro-
duced an overall predicted maximum gas-side wall temperature variation of 200° and
500° R, respectively. The two modes of heat conduction across the coolant tube crown,
radial and flat plate conduction, produced a predicted maximum gas-side wall tempera-
ture variation of 200° R. Gas wall axial curvature produced localized regions near the
throat with 250° R variations in the predicted gas wall temperatures. The combined ef-
fects produced a variation in the predicted maximum gas-side wall temperature from
1550° to 2250° R.

The variations in the heat-transfer correlations also produced a significant variation
of 44° R in the coolant exit temperature and 57 pounds per square inch in the exit pres-
sure. The effect of using a tube roughness equal to commercially drawn tubes resulted
in an increase in pressure drop of 53 pounds per square inch, over the original pressure
drop of 117 pounds per square inch for smooth tubes.

In general, calculated tangential and longitudinal stresses for the coolant passage
wall are well into the plastic region. Therefore, their usefulness for predicting failure
is doubtful, but they can be used to evaluate various designs on a relative basis.

In addition, the scope of the final evaluation can include the following: variations in
operating conditions such as uprating the nozzle; use of coatings; analyzing nozzle fail-
ures; and matching experimental nozzle test data to determine the validity and applicabil-
ity of correlations and assumptions. Examples of the uprating and coating addition were
presented for the chosen application.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, August 8, 1966,
122-29-07-07-22.
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APPENDIX A
SYMBOLS
area
nozzle-throat area k
numerical coefficient L
convective heat-transfer coef-
ficient correction for fluid- Al
properties variation
convective heat-transfer- M
coefficient correction for
tube curvature N
friction-factor correction for
tube curvature NS
specific heat at constant pres-
sure Nt
diameter
Nu
Young's modulus
Pr
relative roughness of surface
p
friction factor for straight
Ap
tubes fr
friction factor for curved A
tubes Pmom
mass flow per unit cross-
sectional area a4
gravitational conversion R
factor Rc
enthalpy Rf
enthalpy increase between Re
nozzle stations
S

convective heat-transfer coef-
ficient

mechanical equivalent of heat
thermal conductivity

cone slant height from previous
station

linear distance along coolant-
passage wall between stations

bending moment acting on tube
crown

membrane force per unit length
in circumferential direction

membrane force per unit length
in longitudinal direction

number of coolant tubes

Nusselt number
Prandtl number
pressure

friction static-pressure drop
between stations

momentum static-pressure
drop between stations

local heat flow rate
radius

radius of curvature

recovery factor

Reynolds number

cone slant height from present
station



s entropy

T temperature

t thickness

v velocity

W deflection force acting on tube

wPpP wetted perimeter

w mass weight of flow

@ coefficient of thermal expansion
o} tube deflection

€ strain

€. heat-transfer surface-area cor-

rection factor

u© dynamic viscosity
v kinematic viscosity
vp Poisson's ratio
density
stress
@ angle between nozzle side wall

and nozzle axis

Subscripts:

A axial

av average
b bulk

bend Dbending

com combined

cr tube crown
d deflection
e external
eff effective

£ film

fe

ht

int

long

max

met

ref

ScC

sh

tan

tot

flow

gas
hydraulic
hoop

heat transfer
inside
internal
liquid or coolant
longitudinal
meridional
mean
maximum

average between inside and outside
metal-wall temperatures

division of cross section into n
nodes for two-dimensional heat-
conduction study; also nth node

outside
pressure
reference
static
semicircular
shell
temperature
tube
tangential
total or stagnation
wall

yield

previous station
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2
1-d
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present station

one dimensional

2-d two dimensional

0 circumferential



APPENDIX B

STAGNATION PRESSURE STATE

For a constant density fluid, the following relation for stagnation pressure is ade-
quate:
W2

Pyt = Pg + — (B1)
tot S 2%

However, when the density varies with both temperature and pressure, the evaluation of
the proper density value to use becomes involved. To circumvent this problem, a differ-
ent approach to stagnation pressure determination was used.

The variation of stagnation pressure in a fluid process can be obtained from the en-
ergy equation. The process of attaining the stagnation state is isentropic, and, there-
fore,

ds, ; = dsg (B2)

From the definition of entropy, the relation that exists is

dp
1 tot
dst ot = <dHt ot = > (B3)

Tt ot

where Tt ot and Piot are an average between stagnation conditions from one station
to the next over which Apt ot is being determined. This change in entropy is equal to the
sum of the external entropy change ds e due to external heat transfer and the internal ir-
reversible entropy change dsint due to frictional losses.

The external entropy change is calculated from

ds = 34 (B4)
WTs

where by definition

— = dH; (B5)

is the increase of coolant total enthalpy between stations.
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The internal entropy change is determined from the pressure-energy equation of ref-
erence 11
p .V, dV.
s'b b =

and the differential momentum equation

2
20 Vf AL p_V, dV,
dp +—S P, 8B b, (B7)
gDy g
from the same reference.
Subtracting equation (B7) from equation (B6) yields
2
2p Vi AL
Ip T, dsint == - (B8)
gDy
which results in
2Vt AL
ds; 4 = ——— (B9)
J gDHT S
where TS is an average value over the increment Af.
Using these results in equation (B3) further yields
1 aproy\ dHpy 2V AL
—— (dH}; - = + (B10)
Tiot It/ Ts  J8DgTy

which reduces to

(B11)

2
Ttot) _ 2Vt ALpyG Tyt

T gDHT s

dpy ot = IPiot dHtot<1 -
S

where all values of Py ot DH’ Ttot’ Ts, and Vb are averages over the increment A{.
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Substituting the equation for friction pressure drop

2 2
2G'av.vf al - 2ps, ava,avf AL

Apfr = (B12)
p s, avDH, av® gDH, av
into equation (B11) yields
T P T,
- tot, av tot,av "tot, av
APgot = IPiot, av AHtot:<1 - —T—’—> - Apfr< p 0 > (B13)
s,av s,av”s,av

By establishing a value of Piot at the first station, as discussed in the text of this report,
successive values of p;; are determined by use of equation (B13).
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APPENDIX C

COOLANT-PASSAGE STRESS ANALYSIS
by Rene E. Chambellan

To perform the desired analysis without creating a statically indeterminate problem,
the following simplifying assumptions were made:

(1) All materials remain elastic. (In an actual situation it is anticipated that local-
ized regions would yield, due particularly to high thermal stresses. )

(2) Bending of the pressure shell is not considered. (This is a very localized effect
in the throat and knuckle regions. )

(3) The shell is much stiffer than the tubes and the tubes therefore will deform as the
shell, thus offering negligible resistance to shell deformations.

(4) The tube radius is constant along the length of the pressure shell cone considered.

(5) The material is the same for the shell and tubes.

(6) The complete nozzle is uniformly cooled down to the bulk coolant temperature at
startup.

(7) No residual stresses remain from the fabrication processes.

(8) Nuclear heating of the pressure shell is neglected.

In addition, the nozzle pressure shell is divided into conical sections compatible with
the heat-transfer and fluid-flow sections. The analysis is repeated at each section and
the results that influence the next section are carried over.

Shell

The hot-gas pressure forces produce the membrane forces per unit length NS and
N, shown in figure 23, in the shell structure. These forces are defined by equations
(C1) and (C2) which are revised equations from reference 13 (p. 112):

NS, = - L2 -8\ NS, [ Ecos( ) (c1)
27 Pgav| g Y2+ ulg Pg - ¢1

N, = Py oS tan @g (c2)

The last term in equation (C1) is the reaction of the previous section acting on the section
under analysis.
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Figure 23. - Nozzle pressure shell membrane forces. Cone slant height from previous station, L; cone

slant height from present location, S; membrane force in longitudinal direction, NS; membrane force
in circumferential direction, N; shell thickness, tsh-

The resulting shell strains are

- 1 -
€M, 2 T E—;—— (NS2 VpNz) (C3)
sh'sh, 2
1
€h.9 = (N2 - VpNSZ) (C4)
’ E_. t
sh'sh, 2

No thermal strains appear in the shell with respect to the tube wall because the tubes and
the shell are cooled down to the bulk coolant temperature uniformly, and then the tubes
are heated relative to the shell with the nuclear heating of the pressure shell being ne-
glected.

Tubes

The tubes are first considered to act as if they were not restrained, and then the
shell restraint with the resulting stresses is added. The tubes are forced to match the
strain that the shell restraint dictates.

The pressure difference across the tube crown produces a membrane stress of

_(pg - PRy
op =_ =2 -
tW

(C5)

The temperature gradient, assumed linear, through the tube crown produces a biaxial
stress at the surfaces as follows:
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oo =7 Eta(Tw, g~ Tw, Y

—_— 5 (C8)
T
2(1 -
(1- )
where compression exists at the outer surface and tension at the inner surface as denoted

by the minus and plus signs, respectively (see ref. 14, p. 337).
The tube axial and tangential strains due

to pressure and heating (see fig. 24) are

//—TW’g
Tmet = 2 (ng”wiF €A=-VP_(Z_;_E&
tw
Gas pres- //l

sure, p . X _
g \\\ + aav(Tmet Tﬂ) (cn)
Wall thick- T,
//‘Vlll',‘.” Ress, 1, w,J (pﬂ b )Rt
> = _— -

qumd pres- "o' €9 E.t aav(Tmet Tﬂ) (C8)

‘ Sure, By '————Tubelnsme tw

i Liquid temper- ; radius, Ry i The crown tube temperature T_ .. is used
e \_aiu_rf_fé___, , ; \//—Cold —shell re- to obtain the average tube growth.
‘? : gion temperature

94

assumed equal to By considering the net restraint on the
liquid temperature . he produced by the shell, the longitudinal
co 8584 strain in the tube is

Figure 24. - Stress model for tube axial and tangential strain due to
pressure and temperature.

€long = €M ~ €A (Cc9)

The stress produced by this strain is
%ong = Et€long

The total longitudinal stress is composed of the combination of this stress plus the bend-
ing stress due to the temperature gradient through the tube wall

o =0 +0m=E;e ¢#Eta(Tw’g- TW’Q)
long, com long T t-long 2(1 - 1; )

The tangential deflection of the tube produced by the shell restraint is
5= [€g - vpleys - €a)| 2Ry - = (D, - 2Ry)ey (C10)
t
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B

From reference 14 (p. 156) case 1, the required forces and resulting moment acting

on the tube to produce this deflection are

W=

O

3

1.788

and

M ax = 0.3183 WR,

m

w (C11)

-3

(C12)

with the maximum moment occurring at the tube crown (see fig. 25). Also, from refer-
ence 14, the resulting circumferential bending stress at the tube crown is

%bend =

+6

M
max (C13)

2

tw

which is tension at the outer surface and compression at the inner surface.
The membrane stress at the tube crown from figure 25 is

Tube deflection, 6_29 }

“Maximum bending mo-
ment at tube crown

(a) Bending moment.

Wall thickness, tw W/2

== (py - PRt
- *Tube radius, Ry

-
Liquid pressure, Py

Deflection force, W

Gas pressure, py - (_l - pg)Rt
W2 CD-8585

(b) Membrane forces.

Figure 25, - Deflection force resulting in bending and membrane stresses.

Opg =0 _+04= -
M P d
tw 2tw
or
o o (py - PgIRy
M
t
w
2
6,E.t
_ 0 tw (014)
3 2
3.576 Rt (1 - Vp)

The total tangential stress at the
tube crown is then the sum of the bending
stress due to the tube deflection, the
thermal stress due to the temperature
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gradient through the tube crown, and the membrane stress due to pressure and tube de-

flection:
Otan " % * 9T * M (€15)
2
o, 1.068 E54t . Ey(Ty o - Ty, o) . (g - Pg)R; 02796 E5yty (c16)
tan 2 2 21 -v) t r3(1 - 2
" o p w t\" " ¥

The material properties E Ssh? Et’ vp, and @ used in these equations are required
at the appropriate temperatures. E sh and Vp are supplied as input and should be val-
ues for the shell and both shell and tube, respectively, at an average temperature in the
nozzle. Et is evaluated at the average metal-wall temperature, and « is evaluated at
the average temperature of the associated temperature differences.
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APPENDIX D

DETAILS OF DESIGN AND EVALUATION PROGRAMS

The two programs presented in this report are written in FORTRAN IV for use on an
IBM 7094 Model 2 utilizing the IBSYS (International Business System) system. The pro-
grams have an average run time of 0.5 to 2. 0 minutes, largely dependent on the number
of sections into which the nozzle is divided. The input and output formats utilized by both
programs are the same except for minor variations as explained later in this section.

The basic equations utilized in both programs are the same with internal variations
in procedure and variable names. However, the major variables used throughout the pro-
grams are consistent between both programs.

Data Input

The basic means of data input is through the use of the NAMELIST statement using
the title STUFF. The variable names and definitions are shown in tables IV and V for the
array and single valued variables, respectively. One significant factor that must be ob-
served in the input of data for a variable in an array, is that the first element of the array
must contain a zero. The only exception to this rule is for the input of the variable X
into a double array, here no leading zero is used. The first element of the variable array
is used as a computational location and the other elements are moved into this location as
they are needed for computations.

The material properties k, @, E, and o_ as a function of temperature are input in
the form of coefficients to a polynomial ranging to the ninth degree and located in the
KMET subroutine. The coefficients of the polynomials were obtained by a least-squares
method of curve fitting applied to data from reference 15 and to unpublished data. The
resulting coefficients are those shown in table VI with the resulting curves being those
previously shown in figure 6 (p. 20). For the coefficients presented in table VI, the tem-
perature range of applicability is from 300° to 2200° R. These limits are input in the
form of TEMP1 and TEMP2, respectively, with TEMP3 being an upper limit on the tem-
perature for the thermal conductivity of a coating material. In the event one of these
limits is exceeded, the limiting temperature value is used to determine the properties.

The hydrogen fluid thermodynamic and transport properties used in both programs
are obtained from a FORTRAN IV version of the subroutine described in reference 16.
The properties subroutine is called from a library within the Lewis Computer System and
would have to be added as a subroutine on other systems. The hydrogen composition used
in the programs is specified as input data in the form of the variable COMP.
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TABLE IV. - ARRAY VARIABLES FOR NAMELIST STUFF

FORTRAN
symbol

Definition

ANWEB
AREACR?
AREALP

COEFG
COEFL
cT
DHG

PGS
PHI
QGEN
QRAD
RC
ROUGH?
SHELTH
TESTC®

TGS
TKCER®

Number of coolant tubes at station

Area correction, € c

Coolant flow area per tube

Axial length from datum plane to station

Hot-gas correlation coefficient

Coolant correlation coefficient

Convergence tolerance used

Engine diameter to gas side of metal wall at
tube crown

Hot-gas static pressure at station

Angle gas wall makes with nozzle centerline

Nuclear heating rates in shell

Radiation heat flux entering gas wall

Radius of gas-wall curvature in axial direction

Tube-wall roughness on coolant side

Average pressure shell wall thickness

Coating test, negative for no coating, positive
for given coating, and zero for thermal
barrier

Hot-gas static temperature at station

Coating thickness or thermal resistance

Metal-wall thickness

Hot-gas-side metal-wall temperature

Coefficients for material properties polynomial

Units

see table VII

in,

psia

deg

Btu/(in. J)(sec)
Btu/(in. 2)(sec)
in.

in.

in.

2AREACR and ROUGH are used as a single value in the design program, and a value
is specified at each station in the evaluation program.
bAREAL is used only in the evaluation program input, and TWG is used only in the

design program input.
CTESTC and TKCER are used only as input to the evaluation program.




symbol

AKR?
AMU
BRAZ
c1
c2
c3
coMP
DEN
DIAM

ES

F1°
NUMB
PLIN
QEsTd ©
tcErd:
TEMP1
TEMP3
TEMP3
TLIN
TMET 1%
Twged: I
WG

WL

yMP

FORTRAN

g

TABLE V. - SINGLE VALUED VARIABLES FOR NAMELIST STUFF

Definition

Estimate used in determining recovery factor

Average Poisson ratio of material

Thickness of braze material

Option on use of C1 correlation

Option on use of C2 correlation

Option on use of C3 correlation

Fraction of ortho-hydrogen present in composition
Average density of tube and shell material

Hot-gas-side nozzle-throat diameter

Average Young's modulus of shell at its operating temperature
Estimate used in determining friction factor

Number of sections nozzle is divided into

Coolant inlet static pressure

Estimate used in determining convection heat flux

Initial estimate of average coating temperature

Lower limit of temperature range on material properties
Upper limit of temperature range on material properties
Upper limit of temperature range on coating properties
Coolant inlet total temperature

Initial estimate of average metal-wall temperatured
Initial estimate of hot-gas-side metal-wall temperature
Hot-gas mass flow rate

Coolant mass flow rate

Mach number limit

aSuggested initial estimate for use in evaluation program, 0.9.

bUsed only in design program.

cSuggested initial estimate for use in evaluation program, 0.003.
dUsed only in evaluation program.

®Suggested initial estimate, 1.0.

f Suggested initial estimate, 1500.0.

BSuggested initial estimate, 750.0.

hSuggested initial estimate, 1000.0.

Units

psia
Btu/(in. 2)( sec)
°r

1b/sec
1b/sec
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TABLE VI. - POLYNOMIAL COEFFICIENTS FOR

PROPERTY CURVES OF 347 STAINLESS STEEL

KMET® | Thermal Yield | Young's | Thermal
conductivity | strength | modulus |expansion

1.456672 |37.72398( 20.60063 5.05081
1.131624 |-9.03007| 62.24962| 25.84439
-1.341449 |-5.64351{-168.24084|-71.93478
1.912256 3.49807| 214.93276(111.25141
-.951701 -.90454 -155. 08070 | -98. 19083

S“~@maomBEOOE >

.155014 | 0 62.56724| 49.60798
0 0 -12.96823 | -13. 37053
0 0 1.03951| 1.49251
0 0 0 0
0 0 0 0
Scale fac- | 1.0x10°% [1.ox10% | 1.0x10% | 1.0x107®
tor, SF
AKMET = (A + BT + CT? + . . . + JTY)SE, where T is

the temperature in OR divided by 1000. This division
and the scaling factor are taken care of internally
within the programs.

The major input data difference between the two programs is that the design program
uses the hot-gas-side metal-wall temperature as input, and the evaluation program uses
the exact coolant passage area as input. Other differences are that the design program
accepts only single values of area correction ¢ c and tube roughness as input while the
evaluation program accepts values at each individual station; the means of obtaining dif-
ferent options as to the use of the Cl’ CZ’ C3, and rough or smooth tube conditions
varies as shown in table VII; the evaluation has the flexibility of handling both the radial
and flat plate cases of heat conduction across the tube crown and a choice must be speci-
fied as input data. One other difference exists in the input of data, that difference being
that the evaluation program utilizes realistic initial estimates of certain parameters at
the first station, as shown at the end of table V.

Data Output

The basic output format is shown at the end of this appendix for case 1 (p. 65). The
input data is printed out for the purpose of maintaining run records and checking. The
definitions of the output variables that are not self-explanatory are shown in table VIII.
In addition to the output shown additional write-outs are possible to note the use of a tube
splice, in the event the materials properties temperature range is exceeded, in the event
the coolant flow chokes or an iteration loop does not converge.
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LESTC1
LESTC2
LESTC3
LESTC4
LESTC5

C1
Cc2
C3
ROUGH

OQutput headings

Q/A OUT

Q/AIN

T.REF.
T.COAT.G
T.MET.G
T.MET.L
Q/SECTION

Q/A NUC
HYD.DIA

WALL AREA
YIELD STRENGTH
COEF.OF LIN.EXP

YOUNG'S MODULUS

Design program reads under NAMELIST

TABLE VI. - PROGRAM OPTIONS

Evaluation logicals

True for use of C1
True for use of Cy
True for use of Cq
True for assumption of smooth tubes

True for assumption of radial heat conduction

0.0 or 1.0; 1.0 for use of C1
0.0 or 1.0; 1.0 for use of C2
0.0 or 1.0; 1.0 for use of C3

0.0 or value; 0.0 for use of smooth tubes
o

TABLE VIII. - OUTPUT PARAMETERS

Definition

. —

Heat flux entering outside surface of tube crown, Btu/(in. 2)(sec)

Heat flux leaving inside surface of tube crown, Btu/(in. 2)(sec)

Temperature utilized in determining hot-gas properties, °r

Temperature on hot-gas side of coating or thermal barrier, °Rr

Temperature on hot-gas side of metal wall, °r

Temperature on coolant side of metal wall, °r

Total heat added to coolant between stations, Btu/sec

Heat flux passing through shell wall, Btu/(in. 2)(sec)

Coolant passage hydraulic diameter, in.

Total heat-transfer surface area, in. 2

Yield strength at average metal-wall temperature, psi

Coefficient of linear expansion at average temperature between
metal wall and shell, in./in.

Young's modulus at average metal-wall temperature, psi
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Read input data

26

ICaIcuIate gas-side heat quxJ—-————*

Calculate coolant-side
wall temperature

Is
coolant-side wall
temperature < coolant
temperature?

Increase specified gas-side
wall temperature by 100°

a2
Calculate coolant-side Calculate coolant-passage

heat-transfer coefficient flow geometry to produce R Print
) required to produce balance | | required heat-transfer Go to 4 if data has been remaining s
S with gas-side heat flux coefficient supplied for another portions of this last Goto 26
= separate run output station?
|

Is
required area
less than allowable
semicircular
area?

Calculate coolant enthalpy
increase

Calculate coolant-passage
stresses, store and reset
data, and print first
section of cutput

No 114 1

Calculate total pressure
at inlet (first station)




Is
this first
station?

Yes 96

Evaluation procedure

Using last value of heat flux from design attempt,
Calculate coolant-side heat-transfer coefficient
Caiculate coolant-side wall temperature
Calculate gas-side wal! temperature
Calculate gas-side heat-transfer coefficient

Calculate gas-side heat flux Return to 58

Compare heat-flux values and iterate as required.

tteration is complete when heat flux, coolant-side
film temperature, and coolant passage average
metal temperature are all within prescribed
convergence tolerances.

| 1
Calculate flow area required to
not exceed Mach number limit

86

Calculate revised area |
for previous station

Is this
transition point
for tube
splice?

Calculate coolant static 94
pressure drop

[Calculate minimum area dimensions I

on static pressure
for complete program loop\NO
proceeded to within
convergence
limit?

72

Calculate static enthaipy

Is static
pressure <0.3 of
inlet pressure?

Is Mach number <
specified maximum
value?

Calculate total tempera-
ture and pressure

80

Go to 118 Calculate Mach number

Test
number of
iterations

First time: Set specified gas-side wall temperature
equal to 200° less than temperature
of previous station,

Third time: Stop calculations and print
out answers up to this station,

66

Second time: Set specified temperature

equal to temperature of Go to 26

previous station,

Figure 26. - Design program flow diagram. (Numbers correspons to FORTRAN statement numbers. )
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100

Specific coating

Calculate gas-side
coating wall temperature
using estimates for metal

Read input data

68

Initialize values of
variables at first
station

70

Is
splice Yes
used?

No
80

Calculate tube
geometry

l

Check for radial or ‘y
flat plate heat flow t—uo
and set constants

Is
coating
used?

Calculate tube
geometry

98

Thermal resistance

—

Print first section

Refine

| of output

previous
station data

Calculate gas-side coating
temperature using

gas wall temperature and
heat-flux iterating on
average coating temperature

108

| No coating

estimate for metal wall
gas wall temperature and
heat flux

between this value and

Reset and store data

Have material
temperature limits
been exceeded?

Calculate coolant-
passage stresses

Has convergence
been obtained

estimate of heat
flux used?,

Is
this last
station?

Test K
and KKK to see if
temperature and splice
messages are to be
printed

Print remaining
sections of output

l

for another separate run

Go to 6 if data has been supplied

First time: New heat-flux estimate equals
average of last two heat fluxes

Thereafter: New heat-flux estimate is
obtained by subroutine ITRAT
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Calculate gas-side heat-
transfer coefficient

l

Calculate gas-side metal
wall temperature

Test for
convergence with
estimated wall
temperature

Calcutate coolant-wal
temperature iterating on
average wall temperature

Yes

Calculate total and
static coolant conditions
iterating on average
and static density

Figure 27. - Evaluation program flow diagram. {Numbers correspond to FORTRAN statement numbers. )

162

| Calculate total coolant
enthalpy increase

164 T

Calculate heat flux
added to coolant

206 T

Calculate coolant-side
heat-transfer coefficient

1

Calculate total pressure
iterating on this same
total pressure

Go to 164

Calculate static enthalpy
iterating on this same
static enthalpy

Increase inlet static No
pressure by 50 psi

172 L

Calculate coolant
static-pressure drop

Caiculate static pressure

Yes

Test for
convergence with
estimated static
pressure

Yes

s static
pressure greater
than 0.3 inlet
pressure?




Program Details

The main programs utilize the basic equations set forth in the text of this report.
The FORTRAN IV coding of the design (pp. 70 to 79) and evaluation (pp. 80 to 89) pro-
grams is included. The basic flow diagrams of both the design and evaluation program
are shown in figures 26 and 27, respectively. The iterative procedures contained in these
programs require specified convergence tolerances for solution. These convergence tol-
erances are defined in table IX and are used as fixed internal values as shown unless
changed by specified input values. Internal limits are also specified as to the maximum
number of iterations required for convergence. The design program accepts the final
value if convergence has not been reached and proceeds with the calculations. The eval-
uation program, however, stops and prints an appropriate write-out and the answers cal-
culated to that point. The evaluation program also employs a straight line iteration sub-
routine called ITRAT to determine the next estimate during some of the iteration.

TABLE IX. - INTERNAL CONVERGENCE TOLERANCES UNLESS CHANGED

FORTRAN Definition - Value

symbol

CT(1) Used to solve equations (19) and (20) for friction factors | 3. 0><10_6 -----------

CT(2) Used to determine the coolant-passage height and also | 2. 0><10'4 in,
width in design program

CT(3) Used to determine average metal temperature, average 1 °r
coating temperature in evaluation program, and hot-
gas film temperature in design program

CT(4) Used to determine static coolant pressure and also total 0.1 psi
coolant pressure in evaluation program

CT(5) Used to determine hot-gas recovery factor 1. 0><10'3 ___________

CT(6) Used to determine static coolant enthalpy 1. 0><10_4 Percent

difference

CT(7) Used to determine heat-flux balance across tube wall 1. ox1073 aBtu/(in.Z)(sec)
1. 0><10'3 Ppercent

difference
CT(8) Used to determine total coolant temperature in design 0.1 °r
program and gas-side metal-wall temperature in
evaluation program
CT(9) Used to determine coolant state at first section in 1. ox1074 Percent
difference

evaluation program

Ak valuation program.
bDesign program.
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The programs are set up to handle counterflow of the coolant and hot gas, but could
be revised or used for parallel flow of the coolant and hot gas. The revision would re-
quire a minor variation in the output of data and a change in the sequence of stress calcu-
lations to allow the integration of the hot-gas pressure forces acting on the shell to pro-
ceed from the hot-gas exit end back toward the chamber. Because the heat-transfer and
fluid-flow calculations are not interrelated to the stress calculations, the program can be
used for parallel flow if the resulting stress values are not considered.

As mentioned previously in this report, both programs have the provision for incor-
porating a tube splice in the form of a bifuraction. For the purpose of analysis, a station
is chosen at the point of the tube splice. The number of tubes specified at the transition
station is that number of tubes which exists between the preceding station and the transi-
tion station (see fig. 28). In addition, the length between stations, where the transition
occurs, should be as small as possible while including all the region of uncertain tube
geometry.

Two internal program variations that exist are associated with the average density
used to calculate the coolant inlet total pressure and the method of handling the calcula-
tion of pressure drop over the transition
increment for the situation where a tube

Tube ends formed to produce
no variation in tube wall
thickness at splice\\

S pIIIIII
L\\\\\\\\\\\\\\\\\\V;}‘;‘;"Jllllllllll

splice exists. The design program uses
the static density instead of an average

density for calculating total pressure at
the first station (eq. (24)). The pressure-
drop calculations use the areas at both the

Section b-D preceding and present stations. Over the
o y spliced~tube transition section, the flow
r—Hot-gas stae
. A 8/ ’ ~Cy from two tubes enters one tube or vice
[SRRRNANNNN P e — e ————— - . ] ]

; Section i - 1 versa depending on where the splice is

Station i+ 1 E located. Therefore, the change in flow

. _E‘f’n' P _g area from one station to the next is not
> L, Sheltside Leg ¢ actually the change in area from that of

Section E-E one tube before the splice to that of one

This flow area is . s s
modified for pressure- tube after the splice. A revision of the

drop calculations— previous area is made in each program to

account for this change in the number of
tubes. The design program assumes that,

at the splice joint, the area and radius of
Section A-A Section B-8 Section C-C one small U-tube equals one-half the area
CD-8582 . -
Figure 28. - Tube splice transition section showing geometry before, at, and radius of one large U-tube, and dimen-
and after bifurcation. sional revisions for the pressure-drop
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calculations are made accordingly. The evaluation program assumes that the area, ra-
dius, and geometrical configuration are as shown in figure 28. This is more nearly the
actual condition where two small tube ends would be formed into a back-to-back symmet-
rical configuration to fit into one large U-tube.

The evaluation program has one option for restart, that option being on the conditions
which could result in choked coolant flow. This option is exercised when the static cool-
ant pressure drops to 0.3 of the inlet coolant pressure. The option causes a written mes-
sage of output to be printed, increases the coolant inlet pressure by 50 pounds per square
inch, and restarts the evaluation run at the first station. The design program has no pro-
gram restarts, but does contain other coolant and geometry limits as explained in the
section Basic Analytical Procedure.

As explained in the section Design Procedure, care should be exercised in subdividing
the nozzle into sections, because excessively large sections can lead to errors in the pres-
sure calculations, trouble in excessive iterating of the pressure calculation, and the over-
looking of a nozzle hot spot. Also, using large section lengths in the convergent section,
where the slope of the heat flux curve is steep, can lead to a problem in the evaluation
program. The problem occurs in the heat-flux iteration that uses the value of heat flux
from the last station as an estimate to start calculations at the next station. A sharp drop
in heat flux results in the use of an excessively large heat-flux estimate that produces un-
realistic temperatures in the program. Traps are present in the program to work this
condition out, but if conditions become excessive the iteration limits could be exceeded.

The programs are set up so that cases can be executed in sequencial order by simply
stacking the input data back to back. Variations of input data for the same nozzle can be
obtained by simply reading in only the input values that vary and the logicals in the evalu-
ation program. Each program uses the last value of friction factor and recovery factor
calculated for a given case for input to the succeeding case unless their input values are
also repeated. These calculated values are just as adequate as the input estimates used
initially and need not be repeated. For the design program, if the input values for gas- -
wall temperature are not achieved and new values are calculated, these values will be
used as input to the succeeding case unless the original values are again specified as in-
put.

Cases 3, 6, and 7 were run by using the reference 4 correlation on the hot-gas side
with internal program revisions in statements 110, 112, and 122. The existing state-
ments in the evaluation program were replaced by

110 TGF = (TGE + TGCER)/2.0
112 TGF = (TGE + TWGE)/2.0

122 PRGEX = PRGF **0. 4
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FLUID PROPERTY LIBRARY WITH A COMPOSITION OF

2.0000000E-04,
1. 0000000E~-01 ,

1.1316240E 00,

. v
3.4981000E 00,
0. '
6.2567200E 01,
2.5844400E Ol,
1. 4925000 00,
0. ]

0. L}

-5. 0000000E~-0L 4
-5.0000000E-01 ,
—5.0000000E~01 ,
~5.0000000E-01 ,

BASIC OUTPUT FORMAT

96.8 PERCENT PARA-, AND

1.0000000E 00,
1.0000002E-04,

=1.3414490€ 00,

. .
-9.0450000E~01,

2.0500600€ 01,
-1.2968200E O1,
~7.1934800€ 01,

0. v
0. ’
-5.0000003E-01,

-5.0000000E-01,
-5.0000000€-01,
=5.0000000E-01,

SCONST
Y = 3.0000000E-06,
1.0000000£-03,
X = 1.4566T20E 00,
. ’
~5.6435000E 00,
0. ’
-1.5508070E 02,
5.0508000€ 00,
-1,3370500€ 01,
0. [}
0. .
TESYC = 0. ]
-5.0000000€E-01,
-5.0000000E-01,
-=5.0000000€-01,
-5.0000000E-01,
0. ’
0. ]
0. v
0. ,
TEMP]L = 3.0000000E 024
THGE = 1.0000000€ 03,
$ END
SEC.NO. AXIAL LENGTH
{ING)
1 0.
2 2.0000
3 4.0000
4 6.0000
5 8.0000
6 10.0000
7 11.0000
8 12.0000
9 13.0000
10 13.5000
11 13.9000
12 14.2240
13 14. 7000
14 15.0000
15 15.3000
16 15.8000
17 16.4000
18 17.1210
19 18.4000
20 20,0760
21 21.8000
22 23,6120
23 25.6000
24 28.0000
25 31.0000

~5.0000000E-01 0. v
0. ’ 0. L]
0. v 0. ’
0. v 0. '
0. ]

TEMP2 = 2.2000000E 03, TEMP3 =

TMETL = 7.5000000E 02, Fl =

ENG.DIAM, NO. TUBES ANGLE PHI
(INJ) {DEG.)

12.1260 90.0 15.000

11.0540 90.0 15.000
9.9820 90.0 15.000
8.9100 90.0 15.000
7.8380 90.0 15.000
6.7680 90.0 15.000
6.2300 90.0 15.000
5.6940 90.0 15.000
5.1580 90.0 15.000
4. 8900 90.0 15.000
4.6760 90.0 15.000
4.5040 90.0 15.000
4.3300 90.0 5.750
443000 90.0 De
4, 3300 90.0 5.750
4.5180 90.0 15.480
449920 90.0 27.800
6.0580 90.0 45.000
8.6160 90.0 45.000

11.9680 90.0 45.000
14.2160 90.0 21.300

14. 8960 90.0 0.
14.8960 90.0 Oe

14.8960 90.0 0.

14.8960 90.0 0.

1.0000000€-01,

1.9122560€ 00,
0. ’
0. ’
6.2249600E 01y
1.0395000€ 00,
1.1125140€ 02,

0. ’
0. ’
~5.0000000E-01,

~5.0000000E-01,
-5.0000000E-01,
-5.0000000€-01,

3.2 PERCENT ORTHO- HYDROIGEN,

1.0000000E-03,

~9.5170100E-01,
3,7724000E 01,

0. .
~1.6824080E 02,

- ’
~9.8190799€ D01,
0. ]
0. ’

-5.0000000E-01,
~5.0000000E-01,
—5.0000000E~-01,
—5.0000000€-01,

0. . 0. ’

0. ’ 0. v

0. v 0. ’

0. ’ 0. .
0. + QEST =

3.0000000E-03,

TUBE THICK.

{IN.)

0.0120
0.0120
0.0120
0.0120
0.0120
0.0120
0.0120
0.0120
0.0120
0.0120
0.0120
0.0120
0.0120
0.0120
0.0120
0.0120
0.0120
0.0120
0.0120
0.0120
0.0120
0.0120
0.0120
0.0120
0.0120

AKR =

AREA PER ,TUBE

(SQ.IN.)

0.0980
0.0815
0.0671
0.0539
0.0419
0.0317
0.0268
0.0227
0.0187
0.0167
0.0153
0.0142
0.0130
0.0125
0.0125
0.0128
0.0142
0.0182
0.0335
0.0620
0.0900
0.1000
0.1000
0.1000
0.1000

1.0000000E 00,

1171761

1.0000000E-D4& »

1.5501400E-01,
-9.0301000E 00,

0. )
2.1493280€ 02,

0. v
%.9607999E 0O},
Oe .
0. .

~5. 0000000501 ¢
-5,0000000E-01 ,
-5.0000000E-01 ,
-5.0000000E-01 5

0. .
0. 1)
0. ’
0. v

TCER =

8,9999999E-01

STAT.GAS TEMP

{DEG. R}

1225.0
1325.0
1445.0
1600.0
1795.0
2040.0
2200.0
2400.0
2635.0
2800.0
2940.0
3100.0
3325.0
3458.0
3598. 0
3643.0
3852.0
3942.0
3987.0
3996.0
3998.0
3998, 0
3999.0
4000.0
4000.0

1.5000000E 23,

STAY.GAS PRESS

{PSIA)

5.90
7.80
10.560
15.90
24.50
40.00
50,00
68,00
96,00
120,09
148,00
184,00
240,00
287.00
323,00
353,00
448,00
500.00
522.00
528.00
528,00
530,00
530.00
530.00
530.00
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SEC.NO.

VRNV PUN-

AVG.METAl

SEC.NO.

@O U W

66

GAS COEF. COOL.COEF. AREA CD
0.0260 0.0210 0. 8000
0.0247 0.0210 0. 8000
0.0240 0.0210 0. 8000
0.0230 0.0210 0. 8000
0.0220 0.0210 0. 8000
0.0209 0.0210 0. 8000
0.0203 0.0210 0.8000
0.0198 0.0210 0. 8000
0.0193 0.0210 0. 8000
0.0191 0.0210 0. 8000
0.0192 0.0210 0. 8000
0.0194 0.0210 0. 8000
0.0200 0.0210 0. 8000
0.0202 0.0210 0.8000
0.0204 0.0210 0. 8000
0.0207 0.0210 0. 8000
0.0242 0.0210 0. 8000
0.0288 0.0210 0. 8000
0.0316 0.0210 0. 8000
0.0321 0.0210 0. 8000
0.0322 0.0210 0.8000
0.0323 0.0210 0. 8000
0.0323 0.0210 0. 8000
0.0323 0.0210 0. 8000
0.0323 0.0210 0. 8000

L DENSITY= 0.280 LBS/CU.IN
PROPELL ANT FLOW RATE 16.6650 LBS/SEC

CHAMBER TEMPERATURE

CHAMBER PRESSURE

Q/A OoUT

Q/a IN

(BTU./SQ.IN.-SEC.)

1.62
1.93
2.34
2.91
3.72
4,87
5.69
6.68
7.96
8.79
9.54
10.24
11.17
11.56
11.71
11.55
11.38
10.06
6.64
4,19
3.19
3.01
3.09
3.19
3.30

1.72
2.05
2.52
3.15
4.08
5.43
6.40
7.61
9.22
10.28
11.24
12.15
13.36
13.85
14.01
13.71
13.26
11.38
7.22
s
3.35
3.15
3.24
3.34
3.46

RR.

4000.0 DEG.R

530.0 P

EFF.GAS T

{DEG.R}

3644,
3658.
3676.
3699.
3726.
3759.
3780.
3806,
3836.
3856.
3873.
3893,
3920.
3936,
3953,
3958,
3983.
3993.
3998.
4000.
4000.
4000,
4000,
4000.
4000.

ROUGHNESS

{IN.)

0.600E-04
0.500E-04
0.600E-04
0.600E-04
0.600€E-04%
0.600E-04%
0.600E-04
0.600E-04
0.600E-04
0.600€E-04
0.600E-04
0.600E-04
0.600E-04
0.600€~-04
0.500E-06
0.600€E-04
0.600E-04
0.500E-04
D.600F-04
0.600E-04
0.500E-04
0.600E-04
0.600€-0%
0.500E-04
0.600E-04

RAD.OF CJ

(ING)

0.1000€
0.1000€
0.1000F
0.1000E
0.1000€
0.1000€
0.1000E
0.1000€
0.1000€
0.1000E
0.1000E
0.1000E
0.3000€
0.3000€
0.3000F
0.3000E
0.3000E
0.3000E
0,1000E
0.1000€
-0.5000E
-0.5000€
-0.1000E
-0.1000€
-0.1000€E

SHELL YOUNG*S MODULUS= 0.300F

RV

08
o8
08
08
08
08
08
08

o8

Q RAD. NUC .HEAT

BTU.PER. BTU.PER .
SQ. fN~-SEC CU.IN-SE

0. 0.
0. 0.
0. 0.
0. 0.
O. 0.
0. 0.
Q. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
[ 2% 0.
0. O.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. O.
0. 0.
0. 0.

PSI POISSON®S RATIO
COQUANT FLOW RATE

ENTRANCE COOLANT TEMP,

SIA ENTRANCE COOLANT PRESS
THROAT DIAMETER 4.3000 (IN.)
TOTAL NOZZILE LENGTH 31.0000 (IN.)
CONVERGENT AREA RATIOD A/A¥ 12.0006
DIVERGENT AREA RATID A/A# T.9524
C-1 IS NOT USED
C-2 IS NOT USED
C-3 IS NOT USED
TUBE IS ASSUMED SMOOTH
ASSUMED RADIAL HEAT CONDUCT ION

T.REF. T.COAT,.G T.MET.G T.MET.L LiQ.T.

TOTAL

{DEG. R} {DEG.R) (DEG.R) (DEG.R) {DEG.R}
1880. 0. 1471. 1401. 56.0
1912. 0. 1472, 1389, 59.6
1970. 0. 1514. 1414, 6343
2038, J. 1553, 1429. 67.2
2123. 0. 1601, 1444, T1.3
2233, J. 1669, 1465, 5.7
2301. 0. 1707. 1469. 78.0
2400. 0. 1780. 1504. 80.4
2512. 0. 1861. 1535, 82.9
2591. 0. 1917. 1559. 84.1
2669. 0. 1987, 1604, 85.2
2758. 0. 2067. 1660. 86.1
2883. 0. 2180. 1744, 87.4
2940. 0. 2211. 1762. 88.2
2996, 0. 2239. 1786, 89.0
2981. 0. 2180. 1730. 90.5
3075. 0. 2241. 1808. 2.4
3079. %. 2193, 1815, 95.3
2996, 0. 2000. 1748, 101.6
2899. 0. i8%0. 1637. 109.4
2867. 0. 1736. 1611, 115.3
2845. 0. 1692, 1572. 120.3
2819. o. 1638, 1512, 126.1
2789. 0. 1578. 1445, 133.4
27544 0. 1509. 1368, 143.4

SHELL.THICK.
({IN)
0.750
0.750
0.750
0. 750
0.750
0.750
0.750
0.750
0.750
0.750
0.750
0.750
0.750
0.750
0.750
0.750
0.750
0.750
0.750
0.750
0.750
0.750
0.750
0.750
0.750
= 0.290
16.6650 LBS/SEC
56.00 DEG.R
1150,0 PSIA
LIQ.P. LI1Q.VEL
STATIC
(PSIAY FT/SEC
1150, 63,
1149. 78.
1147, 98.
1144, 126,
1138, 170,
1126. 237.
1114. 289,
1097. 353.
1068, 446,
1044, S1l.
1020. 569,
996. 625,
958. 703,
935, 745,
925, 758,
917. 762,
932. 710.
971. 578,
1018, 345,
1033. 210,
1037. 156,
1037. 150.
1036. 161,
1035, 174,
1033, 192,

COAT, THK.OR RES,

(IN) OR SQ.IN-SEC-R
PER.BTU.

BRAZE THICK= 0.0100 (IN.)

MACH NO

0.016
0.020
0.026
0.035
0.049
0.072
0.091
O.114
0.149
0.17¢
0.198
0,221
0.256
0.276
0.284
0.290
0.273
0.223
0.133
0.081
0.061
0,058
0.062
0.066
0.072



SEC,NO. FRILP.DROP MOM.P.DROP FRILFACT HGF HLF c1 cz2 c3 Q/SECTION Q/A NuC

(PST) (PS1} {BTU/SQ.IN.SEC.DEG.R) 8TU/SEC BTU/SQ. IN.SEC
1 0. 0. Q. 0.00075 0.00128 1.000 1.000 1.000 0. 0.
2 0.18 0.96 0.00296 0.00088 0.00155 1.000 1.000 1.000 169.6 0.
3 0.28 1.54 0.00286 0.00108 0.00186 1.000 1.000 1.000 184.9 0.
4 0.47 2.72 0.00277 0.,00136 0.00231 1.000 1.000 1.000 203.6 0.
5 0.84 5.23 0.00267 0.0017% 0.00297 1.000 1.000 1,000 226.7 0.
6 l.64 10.45 0.00256 0.00233 0.00390 1.000 1.000 1.000 254.9 0.
7 1.47 10.22 0.00248 0.00274 0.00460 1.000 1.000 L.000 138.8 0.
8 2.25 14,89 0.00242 0.00330 0.00535 1.000 1.000 1.000 148.4 0.
9 3.55 25.81 0.00236 0.00403 0.00635 1.000 1.000 1.000 159.1 9.
10 2.65 21.16 0.00232 0.00454 0.00697 1.000 1.000 1.000 83.9 0.
11 2.75 20.98 0.00229 0.00506 0.00740 1.000 1.000 1.000 69.7 D.
12 2.75 21.69 0.00226 0.00561 0.00772 1.000 1.000 1.000 58.3 Oe
13 4.93 33.00 0.00223 0.00641 0.00806 1.000 1.000 1.000 7.4 0.
14 3.65 19.13 0.00221 0.00670 0.00827 1.000 1.000 1.000 $6.2 0.
15 3,88 6,05 0.00220 0.00683 0.00826 1.000 1.000 1.000 57.6 0.
16 6.52 1.81 0.00219 0.00650 0.00836 1.000 1.000 1.000 100.1 0.
17 7.28 -22.30 0.00219 0.00654 0.00773 1.000 1.000 1.000 136.9 0.
18 6.81 -46.68 0.00222 0.00559 0.00662 1.000 1.000 1.000 204.4 0.
19 4,79 -51.85 0.00228 0.00332 0.00439 1.000 1.000 1.000 431.0 0.
20 1.61 -16.38 0.00238 0.00190 0.00291 1.000 1.000 1.000 519.7 0.
21 0.51 -4,03 0. 00247 0.00141 0.00224 1.000 1.000 1.000 395.0 0.
22 0.29 ~-0.37 0.00251 0.00130 0.00217 1.000 1.000 1.000 333.1 0.
23 0.29 0,61 0. 00252 0.00131 0.00234 1.000 1.000 1.000 362.6 0.
24 0.38 0.78 0.00252 0.20132 0.00255 1.000 1.000 1.000 450.9 0.
25 0.52 1.02 0. 00252 9.00133 0.00283 1.000 1.000 1.000 582.% 0.
SECWNO. SHELL RAD TUBE RADIUS TUBE HEIGHT TUBE WIDTH HYD.DTA WALL AREA TOTAL TUBE HEIGHT
{IN.) {IN.} {IN.) CIN.} CING) (SQ.IN) (IN.)
1 6.3503 0.20t8 J.0836 0.4093 0.3238 0. 0.2855%5
2 5. 7915 0.1825 D.0794 0.3703 0.2957 95.6227 0.2619
3 5.2345 0.1631 3.0769 D.3314 0.2690 86.5540 0.2401
4 4.6768 0.1438 0.0739 0.2925 0.2417 T7.4854% 0.2177
5 4.1184 0.1244 0.0700 0.2535 0.2137 68,4168 0.19%4
] 3.5624 0.1051 0.0678 D.2147 0.1865 59.3492 0.1727
7 3.2814 0. 0954 0.0649 0.1951 0.1717 26.28641 0.1602
8 3.0035 0.0857 0.0644 0.1757 0.1583 24.0062 0.1501
9 2.7243 0.0760 0.0625 0.1562 0.1439 21.7390 0.1385
10 2.5838 0.0712 0.0606 0.1464 0.1360 10,0193 0.1318
11 2.4725 0.0673 0.0600 0.1386 0.1302 7.6068 0.1272
12 2,3828 0.0642 0.0593 0.1324 0.1255 5.8940 0.1235
13 2.2949 0.0611 0.057% 0.1262 0.1201 8.1701 0.1185
14 2.2773 0.0606 0.0547 0.1250 0.1177 4.9495 0.1153
15 2.2909 0.0611 0.0535 0.1259 0.1277 4.9495 0.1146
16 2.3790 0. 0644 0.0481 2.1321 0.1189 8.6043 0.1126
17 2.6065 0.0727 0.0401 0.1480 0.1244 11.7589 0.1129
18 3.1218 0.0913 9.0279 0.1839 0.1383 19.0667 0.1192
19 444237 0.1371 0.0145 0.2748 0.1824 51.6203 0.1516
20 6.1336 0.1970 J3.0026 0.3942 0.2435 95.9936 0.1996
21 7.3422 0.2393 0.000L 0.4786 0.2925 107.1460 0.2394
22 7.7124 0.2522 0.0002 0.5044 0.3084 107.4853 0.2524
23 T.7124 0.2522 0.0002 0.5044 0.3084 118.8072 0.2524
24 7.7124 0.2522 0.0002 0.5044 0.3084 143,4292 0.2524
25 T.7124 0.2522 0.0002 0.5044 0.3084 179.2865 0.2524
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LIQ.T.
STATIC
{DEG.R}

56.0
59.5
63.2
67.1
T1.2
TS.4
17.5
79.7
8l.7
82.5
83.2
83.6
84.1
84.5
85.1
86.4
88.8
92.8
100.6
109.1
115.0
120.1
125.8
133.2
143.1

R OVER ¥

17.321
15.707
14.094
12.480
10. 866
9.256
8,446
7.639
6,833
6.429
6. 107
5.848
5.593
5.549
5.593
5.869
6.562
8,107
11.921
16.920
20.441
21.517
21,517
21.517
21.517

LIQ.P.
TOTAL
PSIA

1152.
1152.
1151.
1151,
1149.
1147.
1145,
1141.
1135.
1131.
1127.
1122,
1l14.
1108.
1101.
1090.
1077.
1063.
1052.
1048.
1047,
1046,
1045.
1044.
1043.

TUBE DELTA

(IN.)

0.00732
0.00657
0. 00600
0.00539
0.00477
0.00417
0.00385
0.00360
0.00334
0.00322
0.00317
0.00316
0.00320
0.00322
0.00329
0.00333
0.00388
0.00472
0.00642
0.00822
0.00964
0.00984
0.00940
0.00890
0.00833

TOTAL COOLANTY HEAT PICKUP =

TOTAL NOZZILE WALL AREA =

TOTAL NOZZLE WEIGHT

TOTAL COOLANY TEMP.DELTA =

TOTAL COOLANY PRESS.DELTA =

LIQ.ENTHALPY LIQ.DENSITY
STATIC TOTAL STATIC TOTAL
8TU/LB BTU/LB LBS/CU.IN

~14.52 -l4.44 0.00250 0.00250
~4,39 -%4.26 0.00243 0.00243
6.64 6,83 0.,00235 0.00235
18.73 19.05 0.00226 0.00227
32.08 32.65 0.00217 0.00217
46. 83 47.95 0.00206 0.00206
54.61 56,27 0.00199 0.00200
62.69 65,18 0.00193 0.00194
70.76 T4.73 0.00185 0.00187
T74.56 79.75 0.00181 0.00183
77.48 83.95 0.00177 0.00180
79.66 87.45 0.00174 0.00178
82.83 92.69 0.00169 0.00174
84.98 96.07 0.00166 0.00171
88.0% 99.52 0.00163 0.00169
93.93 105.53 0.30158 0.00164
103.56 113,62 0.00153 0.00158
119.21 125.89 0.00147 0.00150
149,37 151.75 0.00133 0.,00135
182.06 182.94 0.00119 0.00120
206.15 206.64% 0.00110 0.00110
226.18 226463 0.00103 0.00103
247.87 248,39 0,00096 0.00096
274.84 275.45 0.00088 0.00089
309.66 310.39 0.00080 0.0%081
TUBE WALL STRESSES

LDNG.AY LONG. OUT LONG. IN TANG.OUT

(PSI) {PSE) {Psiy tesny
-273851. -284587. -263114. 59315,
-273220. -28608%. -260357. 59890.
-276385. -291718. -261051. 61932,
-278821. -297555. -260087. 64453,
-281402. -304927. -257877. 67844 .
-2847931. ~314841. ~254T42. 73070.
-286217. -320967. -251466. 76058,
-289577. -329011. ~250144 ., 81451,
-292348. -3378l11. -246884, 87639,
-293871. -342824. -244930. 91402,
-295302. -346331, -244272. 95835,
-295679. -347840. ~243517. 99968.
-293013. -345649. -240377. 103391,
-291591. ~344917., ~238264. 102445 .
-289706., —342433, -236978. 100567,
-293152, -347717. ~2385B6. 93558,
-288292, -338302. -238282. 81036,
-289334, -333764. -244904 . 64166,
-292652. -324789. -260515. 47028,
-287748. -310297. -265199. 37446,
-283927, -301594. -266260. 35228,
~280547. -297721. -263368. 33727.
-275641, ~294053. -257230. 31788,
-268949, -288860. -249039. 29329,
-259808. -281557. -238060. 26181,

5413.36 BTU/SEC
1344.24 SQ.IN.
= 254.02 LBS
87.40 DEG.R
116.72 PSS!
TITLE
RESULTS

FUTURE REVISIONS

RE GAS
FILM

0.983E 06
0.113E 07
0.130€ 07
0.153E 07
0.182€ 07
0.220€ 07
0.246E 07
0.273E 07
0.307€E 07
0.327€ 07
0.342E 07
0.355€ 07
0.368E 07
0.373€E 07
0.373E 07
0.365E 07
0.331€ 07
0.279€E 07
0.207€ 07
0.158€ 07
0.135€E 07
0.131E 07
0.133€ 07
0.135€ 07
0.138E 07

TANG.IN
(827 8]

-21223.
-25903.
-32218.
-39261.
~47563.,
~58390.
-64598.
-73752.
-84439.
-90935.
-97862.
-104288,
-110294.
-110326.
-108559.
-100466.
-85316.
-63515.
~386479.
-21965.
-15531.
-12899.
-10982.
-8549.
~-5437.

PR GAS
FILM

0.662

0.682
0.684

0.687

0.685
0.685
0.685
0.684
0.683

AVG.METAL

TEMP.,
DEG.R

1436.
1431.
1464,
1491.
1523.
1567.
1588.
1642.
1698,
1738,
1796.
1863.
1962.
1987.
2013.
1955.
2025.
2004,
1874.
1718.
1674,
1632.
1575.
1511.
1438.

RE LIQ

BULK

0.835E
0.101E
0.122€
0.151E
0.190E
0.245E
0.284E
0.330€
0.390E
0.430E
0.464E
0.497E
0.543E
0.570€
0.583E
0.595¢E
0.580F
0.520€
0.39SE
0.299
0,252E
0.241E
0.242E
0.241E
0.23TE

YIELD

STRENGTH

(PsI}

19633,
19707.
19234,
18835.
18379.
17717,
17406,
16587,
15721,
15089.
14162.
13032,
11305.
10844,
10369,
11429,
10141.
10530,
12842.
15406,
16107,
16747,
17596.
18543.
19602.

RE LIQ

FILM

0.652€
0. TH4E
0.822€
0.932E
0.108E
0.126E
0.140E
0.149€
0.161E
0.167E
0.166E
0.163€
0.156E
0.156E
0.153¢
0.162E
0.149€
0.140E
0.122E
0.110E
0.101€
0.10SE
0.119€
0.137E
0.161€

COEF.OF
LIN.EXP
{IN/INY

0.942E-05
0.942E-05
0.945E-05
0.947E-05
0.949E-05
0.952€6-05
0.954E-05
0.957€-05
0.961E-05
0.964E-05
0.968E-05
0.9T2E-05
0.978E-05
0.980E-05
0.981E-05
0.978E-05
0.982E-05
0.981E-05
0.974E-05
0.964E-05
0.962E-05
0.959E-05
0.956E-05
0.952E-05
0.948E~05

PR LIQ
FILM

0.666
0.666
0.685
0.664
0.664
0.663
0.663
0.662
0.661
0.660
0.659
0.657
0.655
0.654
0.653
0.655
0.653
0.652
0.654
0.657
0.658
0.659
0.660
0.662
0.665

YOUNG*S
MODULUS
{(PSI}

0.215€ 08
0.215E 08
0.212€ 08
0.210E 08
0.207E 08
0.203€ 08
0.200€ 08
0.195€ 08
0.189€ 08
0.185E 08
0.179€ 08
D.172E 08
0.160E 08
0.157€ 08
0.154E 08
0.161€ 08
0.152€ 08
0.155€ 08
0.171€ 08
0.187€ 08
0.192€ 08
0.196E 08
0.202E 08
0.208E 08
0,215€ 08
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DESIGN PROGRAM

. . . . .
DESIGN PROGRAM FOR CONVECTIVELY LOJLED NOZ/ZLES

CUMMUN WLOM, QLIRS+ TGE s TGF s TWOG» TWL s TLoPLI VLSFyEMLY ALy DF s UM FF,HOF,
HLE3L114C22,C33, QU s UNyRO,RTyHCP y WEP, UHL y WALT p TOTHT, TLS 4P Ty
HLSsHLT RS2 RTLy R+ PGyRLUSRLyPFoRUVTJDELTy ST6LON, STOLUO,
SIGLO1+SIGOUTySIGINy THETSIGALM, ALPHALE
JINPUT/AXI55) ¢ DHG{5D) » ANWEB(SO) s PHIISC) ¢ TWISC) # TWGI50}
TLS{50),P5S{50),CUEFG(50),COEFLISLY,RCIST)41QRADISI ),
QLEN{S0) y SHELTH{SD)

CUMMON/ INPUT/DEN, SEL,GyPIsPGSLsCPHy AMUZES s WGHT y N9 R Y

CUMMUN/STATEL/SS{SUI/STATEZ/UL3)

[- SRC N N

DIMENSIUN LINE(2},LIST{6D1,PRINT{6D)

DIMENSIUN SEE(50439)y DZI53+20), NAME(2C), C{10C}, OUT(5}
DIMENSLION CT(B)

EQUIVALENCE {C,QCOM)

EQUIVALENCE {RF,RHULF}

EQUIVALENCE (LPMOM,0M}, (DF,DPFR}, (DP,DPTUT) » {RI,RHOLS)
EQUIVALENCE (MCAL,H{1C))

EQUIVALENCE (RLyRELEY S {RGELF) S PFyPRLF) y { PGy PRGF)
EQUIVALENCE (RS2,RHILS)

EQUIVALENCE (PLT,PT)s(TL,TS)

EQUIVALENCE (DZ,AX)

CUMMON/ST/H{L0)/MET/TEMPLy TEMP2,X(1Cs4)¢X2(5D)

EQUIVALLNCE (HU2) LR}y (A{3) 3 AM) o (HI4}yAK), (HES)»SVVL), (HIT),R)

WAMEL IS>T/CUNST/LT 4 Xo TEMPL s TEMP2,F 1, AKReRUUULH ARLALR,C14L24L 3y YN
NAMELIST/STUFF/ T, DHOyAXy TGSy PGS ) ANWEB TWGy CUEFLyCOLFGsRUyPHI,
ISHELTH 3 GGEN s QRAD yCT s WGy ALy PLIN, FLEINJAMU3RAZLy DENIKTH, Y™, T LT,
CAKRy TEMP Ly TEMP2,NTRIAL, ARFACR,CL4C24L3,LIST,LTUP,F1,0UGH,
IXsD[AMES e NUMB, COMP

DATA CT/300E=690e007231404041430901,23021,7.071,4%.1/

REAL KMET

1=KMET 2=51Gy 3=kbts 4=APLHA

G2=2,%32.174%12.
P1=3,1415927
G=45

RAD=57.29578

AG=GrGe

XJ=T7b.161%12.

LYUP=6u

DU 1 K=1,6

LISTIK)=K

Ul 2 KR=1,578

AX{KI=uau

KTH=o

NTRIAL=2v

READ (5,.TURF)

IL=TLIN

PLSPLIN

utz)=Lump

NXX=NUMd+L
TLENG=ABSTAX{NXX)-AX(2}))
ARL U MGINXX)#ez/D[AMRs2
ARUIV=UHGLIZ2)#22/0[AME=2
WRITL {6,6)

FORMAT(1AL)

CALL CLUUL({O.CyD.240)
WRITE {6,CONST)

NPL=¢
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WRITE (6,8)

8 FURMAT(lH1///1Xy8HSECNDe 93Xy 12HAKTAL LENGTH 44Xy FHENG.DIAM. ¢5X,
1 GHNUTUBES 3Xy FHANGLE PHIZ4Xy L1HTUBE THICK.,6Xs THTAMETL.G,
2 EXy13HS>TAT.GAS TEMP 14Xy 14HSTATLGAS PREDS//16XsSHUINGY X,y
35H( IN} s 20X9 6H{UEG. ) 9 BX 9 SHIING) 93Xy BR{JEG. R) 911Xy BHIDEG. R)I9X,y
46HIPSLAYVI//)

DO 10 J=2yNXX
JJd=J-1

10 WRITE (6412) JJy(DZIJs0)y [=1,8)

12 FURMATIZ2KyI13,F16e49F15.44F12.13FL13e3,FLl4.%43F15.0,F19.1,F16.2)
WRITE (6,14)

14 FORMAT(1HL///71Xs9H SEC.ND. 92Xs9HGAS CIEF.,2X,124CUDL.CUEF. 41X,y
111HRAD«OF CURV,;3X,6HQ RAD.»6XsBHUNULJHEAT,5X, 12HSHELL THICK.//
23TXs5H{IN} 96Xy THBTU PERySXy THBTU PERy9IXy5HIIN. )/
348Xy IHIU IN-SEC, 3X4 IHC UL IN=SEC///)

DO 16 J=2,NXX
Jd=J-1
16 WRITL {6418) JJ4(0L(Jy1)y 1=9,14)
18 FURMAT(3Xy1342%X,2F1144yEL4e%,F11.3,2F13.3)
ANRITE (6420) DEN,ES,AMJU,8RAZ
FORMAT(///71Xs 18HAVGAMETAL DENSITY=3F643,2XePHLBS/CULIN,3X,

1 22HASHELL YJUNG'S MUDJLUS=9ELJ4.342Xy30PST,3Xy164P0IS5U 'S RAT

210=4r6e3943Xs12HBRAZE THICK=9FTe%+2Xs5HIING))

WRITE (6422) WGopALs TGOINXX) g TLyPGSINXX) ¢ PLyIAM, TLENG s ARCON,

LARUIV

22 FORMATELH1//9%Xs 21HPROPLLLANT FLOW RATE 2F9e4y2Xe THLULS/SEL 23Xy
1 LTHCUJLANT FLOW RATE 94XeFFeé 92Xy THLBS/SEC//IX4LIHLHAMBER TEM
2PERATURE 3X ) FBely2Xy BHUEL R 524Xy 22HENTRANCE COJLANT TEMP.,
3FBe212R90HUEGeR /73Xy LOACHAMIER PRESSURE,6XsBal1492X,6HPSIA
424Xy 22HENTRANCE CUULANT PRESSyF84142X90HPSIA  ///43X%X,15HTHRUAT DIA
SMETER s L3X¢F.49 22Xy SHUENG ) /43Xy 19HTUTAL NUZZLE LENGTHyBXyF1lle4s2Xy
65HOING ) /43K, 261{CONVERGENT AREA RATIOD A/A%,3X,FB.4%,/43X,25HDIVERGEN
71 AREA RATIOD A/A#,4X,FB.&//)

MT=NTRIAL
DM=C.0

uF el
uP="

2

<

«0
WTuT=0.0
ATUT=0.C
WGHT=0eu

PRDGRAM MAIN LOUP

00 128 N=1,NUMB
NSEX=NUMB
DO 24 L=1y14
JENFRTH+L

24 LDl }=02{J,L1)
CPH=LU>(PHI/RAD}
R
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caLC.

26 DU 28 M=L1,HT
TLESTLS+AKR#(TGT-TES)

28
30

32

34

36
38

TGl
E=2.#TW+BRA
Q61=ut2

14

WQO2TJLEN®SHELTH

UN=R02

QZ=Ge{wGl+uG2)
CALL CUOUL [TGS+PGS,4}

RHUG>=R

0F GAS SIDE HEAT FLUX

GeTAG+.2B8#TGS+. 22716

CALL COUL {TGF,PG35,4)

RHOGLF=R

RG=WL/ « 785/ 016G/ AMSHOGF /RHIGS

AMGo=AM
NCT=1
R=RG##*,8
AKG=AK
CLPL=LP
PL=CPreAH/AK
AKRKX=AKR
AKR=PG=#,33

333

IF {Au>(AKRX=-AKR}JLEL.CT(5}) GO TO 30

CONTiNUE
P=PGer,3

RGF=LUEFG*AK#R#P/DHL

JC=HGF*{1GE
wCuM= gL+l

TMET=TnG
P2=P1/ANAED

~TwG}

RAT
CALC.

UF CJOLANT SIDE WALL TEMPERATURE

RTI=(P2R(RE+TW#CPH)-F/2.)/(1.-P22CPH)

RTO=RT+Tw

RAVTW=r1U=ALOG(RTO/RY)

A=UCuM=RADT

"

V0 3t K=1,MT

TK=KMET(1, 1
THL=TWGL—A/T
IF (TWL=TL)
THG=TAG+10)
G0 T 26
T=TMLT
TMET=Lo( TWG

MET)
LS
3243234

+TWL)

TFLABS(T-TMET) . LTLLT(3)) G TU 38

LONTINUE
C2z=1.
ALT=WL/ANWE
RZ=(RT/R{)#
REI=RL+LPH»{
ACP=2.%RT
Ku=1
H4=PleRT#RT
IF({N.LTLL)
ALP=wlP

GO Tu 42

B
«2
RT+TW}

6O TO 42

71



43

42

44

46

48

72

CALC. UF COOLANT ENTHALPY INULREASE
DD=(UL1-DHG) /2.
DX=AX1-AX
SEC=3URT{0D#DD+OX#DX)
WALL=(RTL#ANWEBL/AVWEB#RT+THL+TW)wPI#SEC#G#AREACR
WALT=WALL®ANWED
ASA=0® [ANWESL/ANWES#DHG/UL+14 ) #SECeWCP
Q6=0Z*ASW/WLT
QA=G# (UCOM+Q1 1 #WALL/WLT+QG
WL=UA#WLT#ANWER
HLT=HLTL+QA

COJLANT SIUE CALCULATIONS
NCT=1
DU 112 NH=i,MT
K9i=y
IFtN.GT.1) GO TO 44
CALL CUOL {TL,PLy4)
RB=R
AB=AM/R
LO Tu 46
CALL CUUL{HLY4PLT -3}
TL=S55(T)
IF(NH,EJ.Ll) HLS=HL>1+QA
CALL CUUL(HLS,PL,=-3)
TLd=55(7)
CALL CUOLITLS,PL,4}
RB=R
Ad=AM/R
RLB=WLT/AL#DHL/AM
CALL CUOL{TWL.PL,%)
AW=AM/KR
ALF=uCOMSRTI/RT/(TWL-TL)
WL10Qs=wCUMeRTO/RT
TF=TLF
TLE=L#(TwWL+TL}
LALL CubL {(TLF,PLy&)
RF=R
AML=4aM-"
CPL=LP
AKL=AK
PF=LPw®AM/AK
S=WLT/AMRR/RE
Cll=le+aUl457#AW/AG#C]
C22=1.
IF{N*NH. Q1) Gu TU 48
RL=WLI/AL®DHL/AM&RADLF/RAULB
IF{RL#L2.EW.Te?) GO TU 48
IF(RL#RZ.LT.6N) GO TO 48
IF(RC.LT.0.Z) C22=1.
IF(RL.LTL0.0) C22=(RL2RZ)}#%5,.05
CC=Clui%Le2
CSU=LULFLBAK/HLFeSes  En{ CoPFas) 481,510




U

53
52

54

56

58

63

62
64

66

68

GEIMETRY CALCULATIONS
DO 54 J=1,NTRIAL
Hl=2.#RT+WCP
H2=C5L/H1
H3=P 1 #RT+HLP
HS=Ha/H1

U0 50 K=1.NTRIAL

HX=H(P

WP=HI+ e HLP

HCP=HZ=wWpP#=#),2-HS5

IF(HCP.LE.U.D) GD TO 94
IF(ABS{AX-HCP).LT.CT(2)} GO TO 52
CURTINWUE

RU=R1+CPHaHCP

HX=WCP

WCP=2.#P2#RI-F

IFLALS (WX-WCP)}.LT.CT(2)}) GD TO 56
CONTINUE

AL=G®{H4+HLP=HL)

UHL=4.#AL/ WP

IFtN.Euel) GU TD 114

CALC. OF STATIC PRESSURE DROV
IF (KA.EQ.D) GO TO 86

AV=G#(ALL+AL)

WPVSL* (WP L+WP)

OV=4,#AV/ APV

GV=WLT/AV

TV=La{TLy+TLS1)

PV=Ge (PL+PLL)

CALL COUL{TV,PV,4)

R=LVADV/AM

C33=l.

IF(RL*LILEQ.D.2) GU TO 63
IF(R$RL.LT.6.0) GU TO 60

C33=(R*RL) #2005

F2=F1

LF{RUULH.EU.DN) Gu TU 62
FES(La0/(=6.CGrALICLOIRIVLH/DV/ 3. T+L.253/R/F1ea0,5) ) 0e2
U TU b4

FF={l.0/14e2ALOCL (Flna3.5eR)=D.040) ) ne2
FLl=Fr

IF (AUS(F2-FF1.GT.CTU1}) GO 1O 62
FF=FFaL33

T[22 5LVeLYRSECRFF/AG 7DV

Al=1./ALL/RSL

A2=1./AL

A=HLT#WLT/AG/AY

VO 76 J=l,MT

vl 78 K=1,M1

CALL LOUL (HLS,PL,-3)
HS2=R

VLS=nWL1/R52/AL
RV=0G#(RSL+RS2}
JIM=A#[a2/RD2-AL}
UF=T/RY

UP=0F +DM

PLX=PL

PL=PLL-UP
IF{PL.GT..3#SEEIL48)) U TO 68
PL=PL1

TWO=THGL1=-230.

SNPL4L

(NPL.GLTLL) GO TU 66
GO TU co

TWOG=TruL L

LF (NPL.GLTS2) GO TU 13,
0 TO 26

IF (AUSIPLA-PLY . LELCTIG)) GO TO {72,118} ,NCTF

73



74

EXIT POINT FOR FINAL CONVERGENCE
NCT=1
PLX=PL
77 CUNTINUE
72 dLX=HLS
HLS=HLT-VL>#%2/G2/XJ
HTUL=AS>{HLX#CT(6))
IF(AGS{HLX-HLS).LE.HTOL} GJ TO 76

T4 CUNTINUE

P

CALC. OF TOTAL PRESSURE ANJ TEMPERATURE

76 CALL COOL {HLS,PL,-3)

TLS=55(7)

SVL=5VVL

EML=VLS/SVL

TV=Gr (TLS+TLS])

PV=Gx{PL+PLL)

CALL CuOL(TV,PV,4)

RSA=R

DO 78 L=1,MT

TIV=G#(iL+TL])

PLTIV=G#(PLT+PLTL)

CALL CUOLUTTV,PLTV,4)

RTA=R

DPT=XJI*RTA*yA*( Lo ~TTV/TV)-OF*RTA/RSAR(TTV/TV)

PLTX=PLT

PLT=PLTL+0PT

TLX=TL

CALL COULIRLT,PLT,-3)

RTL=R

TL=55(7)

IF(ABS(PLTX-PLT)+LT.CT(4) ANDLARSCTLX-TL) JLEL.CTIB}) 30 T 83

78 CUNTINuE

@©

MACH NO. LIMITATION PROCEDURE

80 IF LEML.LT.YM) GO §O (32,82,96)4KD
82 IF (KU LT43) KD=KD+1

VLOS=YM#3VL

AL>=HLT-VL3##2/G2/XJ

CALL (UULIHLS,PL,y=3)

RS2=R

AL=dLi/R>2/VLS

Z=ALT/AL*DAL/RHOLG

00 84 K=1,5

HCP=2./HL#(AL-H4%()

RO=RI +CrHeHLP

AX=dLp

ACP=2.#P2#R0-F

AP=P[#RT+2, #HCP+ACP

JHL=4 . 8AL/ WP

IFLABS{AX=WCP).LTLT(2)) GI TO 96
84 H1=2.#RT+uCP

tuU Tu 9o

AREA MODIFICATION FOR TUSE SPLICE

86 IF {AN@ES-ANWLS1) 83,58,88
88 KA=1

WR=ANWEBL/ANWED

ALL=wReAL1

RTL=WR*KT1

WCPL=dR#aCPl

All=z .. *¥RTL+WCP1

H4Ll=pP [ #RT1#a2

VY Y. K=lyd

dlPl=do/HLL%{ALL~H&1®G)

AUl=/ i1+ PHI*HCPL

AXLl=nlPL

WCPl=Z.*PI/ANVEB®RUL-{2.#TAdl+BRAZ)

WPLl=P I #RT1+2.#HCPL+WLP]

IF {AdalWX1l-aCPL}.LT.CI(2)} GO TO 58
90 Hll=g.=RT1+WCP1

L0 TU »6
92 LFIRU.GT.RE) GO TO 112




9%

95

98

100

102

106

108

110
112

AREA MODIFICATION FOR MINIMUM AREA

Al=H4/2.
RU=RI
DHL=1.222#*RT
HCP=C.0
WCP=24.#RT

EVALUATIUN PROCEDURE
Z=wWlT/AL#DHL/RHOLSB
D0 llu K91=1,MT
QALl=0A
TF=TLF
CALL LUUL (TLFyPLs4)
RRULF=R
RL=Z/AMSR
PF=CP =AM /AK
CPL=LP
AKL=AK
CALL CUDL(TLS,PL+4)
RB=R
RLE=WLT/AL®OHL/ AM
AB=AM/R
CALL CUODL{THWLyPLys4)
AW=AM/R
Cll=le+.01457#AW/ABsC]
CC=Cl11
IF{RCL*C2.EQ.0.0) GD TD 98
IF(RL*RZ.LT.6.7} GO TO 98
C22=(RLeRZ)##D.05
IF(RL.LT.0.0) C22=1.
CC=CCeC22

HLF=LOEFL#AKL#RL## 0. 8#PF##D,4#CC/DHL
TWL=QCOM®RTI/RT/HLF+TL

TLF=G» (TWL+TL)

DO 1G6 K=1,MT

A=QLUM#RADTH

T=TMET

TMET=G#{ TWL+TWG)
THG=A/KMET{1 s TMET) ¢TwWL
TGF=G#TWG+.288TGS+.224TGE

CALL CUOL (TGF4+PGS»4)

RHUGF=R

RG=AG/ « T85/DHG/ AM#RHUGF /RHIGS

AM
AKL=AK

PG=CP =AM /AK

HGF=CULFG#AK+#RGesD, 8#PLas0,3/DHG
wC= HGF# (TGE - TWeG)

Q7=QLOM

JCOM=uC+URAD

QTOL=QCOM*LT(T)

IF {AB5(QCOM-Q07).LE.QTIL) GO TO 103
G0 TO 108

IF (AdS{TF-TLF).LEL.CT(3}} GD TO 102
GO Tu 110

1F (ASS(T-TMET}.LE.CT{3)) GO TO 104
GO TO .06

NCT=2

JL1GS=GCUMeRTO/RT

GO Tu 58

CONTINUE

GO TO 58

SCOM=0L= {WCOM+QT)

UA=G# {ULUM+U1 I #*WALL/WLT+QG
UL=WA=*WLT®ANWED

IF{N.EQ.1) GU TO 110
HLT=HLTL1+QA

CALL COUL (HLT,PLT,-3)
TL=55{7)

CUNTINUE

NCT=2

GU T3 118

75



114

116

118

cn

120

76

CALC. OF TOTAL PRESSURE AT INLET
CALL COOL (TL.PL,y3)
VL={WLT/R/AL)#22/G2
PT=PL+VL#R
CALL CUOL (TL,PT,3)
HLT=rl6)
HLS=HLT-VL/XJ
D0 116 K=14MT
CALL CUOL {HLS,PL,-3}
VLS=ALT/R/AL
RSZ2=R
PTI=PL+VLS##28R/G2
CALL CUOL (TL,PT,3)
HLT=H{0o)
HLS=HLT-VLS##2/G2/XJ
CALL COOL (HLS,PLy=3)
TLY=551T)
SVL=SVYL
EML=VLS/SVL
IFLABS (HX-HLS).LT.CT(&}) GO TO 118
HX=HL>
CONTINUE
60 Tu 118

CALL STRESS
END OF PROUGRAM CALCULATIONS
RESULTS REQUIRED FOR NEXT STATION CALCS.
PGSL=P0GS
ALLl=AL
0l =pHL
AX1l =AX
UHL1=0HL
ANWEBL=ANWED
RT1=R¥
TWl=TwW
HLTLl=HLT
TLS1=TLS
PLTL=PLT
WCPL=HCP
RIL=R1I
CPHi=CPH
PHI1=PHIL
WP1l=wWpP
TLL=TL
THGL=Tas
THGG=TWG
THGIN+1)=TWG
PL1 =PL
AKT=1MET
Q1=QCUM
RS=RS2
HLSL=HLS
RS1=R>2
TOTHI =RT+HCP
JTUT=QTOT+QL
ATUT=ATUT+WALT
VLOF=VLS/12.0
00 12v K=12,50
JJ=K-11
SEE{N,JJ}=C(K)
AKL=040
PF=0.0
RL=J.0
AMGL=0.0
AKG=Ja0




ouTPUT
IF{N.NE.1) GO TD 124
WRITE (64122)
122 FORMAT(2X, THSEC<ND+s2Xy THQ/A DUT,4X,6HU/A INy3X, IHEFFLGAS T,2X,
16HT o REF. 44Xy THToMET Gy 3Xy THT.METL 3 5Xs6HLINWTay
24Xy 6HL IQePa 24Xy THLIQaVEL s 4Xy THMACH NO+3X,9HTUBE AREA/
374XySHTOTAL,SXy 6HSTATIC/
410Xs1BHIBTUL/SQuINe=3EC.} 94Xy THIDEGWRY 33Xy TH{DEG.R) 53Xy TH{DEG.R)
53Xy THIUEGR) 1 SXy THIDEG.R) 93X, 6H(PSTA) s 4Xy 6HFT/SEC,15X,
6BHISU.ING)//7)
124 ARITE {65126) N (CUK)4K=1l,11)
126 FORMAT(3Xs13,2F1142+4F10403F11.142F10.24F12.3,F1).4)
128 CONTINUE
N=NUMB -
GO0 TU 132
130 N=N-]
WRITE {6,131)
131 FURMAT{(///25X,31He# PRESSURE BELOW MINIMUM VALUE}
132 WRITE {6y134)
134 FORMAT(LHL///2Xy THSECoNDe 32Xy LOHFRI 4P ORIP 42Xy LOHMOMLP.DROP 2 Xy
1 EHFRIZFACTy TXy3HHGF 9 11 X9 3HHLF y 10X 9 2HC1 99Xy 2HC 248Xy 2HC 39 TXy
29HU/SECTION, 6Xy THQ/A NUC//13XySHIPSI) 98X SHIPSE) 4 17Xs21H{BTU/SQLIN
3.SEC.0EGR) 939Xy THBTU/SEC,4Xy 13HBTU/SQ.INSSEC///)
DO 136 J=1,N
T 136 WRITE (64138) J.U{SEE(Jy1)y I=1410)
138 FURMAT(3X,I3,2F1242+3F13.543F11.3,F12.14F15.3)
WRITE (6y140)
14G FURMAT(LHL///2X,THSECJNDO.»5Xy 9HSHELL RADy8X,
1 L1HTUBE RADIUSy6XyL1HTUBE HEIGHTs6Xy LOHTUBE WIDTH,9X, 7HHYD.U
21Ay TXy SHWALL AREA,6X, 17HTOTAL TUBE HEIGHT//18XySHUIN.)s12Xy5H({IN.)
3912XsS5HUIN) y13XsSHEING )y 12Xy SHUING ) o EOXs THISQ. INY 4 12X, 5HUINGD//2)
00 142 J=1,N
142 WRITE (65144} Jy(SEE(I, 1)y I=11,17)
144 FORMAT(3X413,7F17.4}
WRITE (641461}
146 FORMATULHL///72Xs THOECNDe 32X 9 6HLIQa T4y 3Xy6HLIQ.Pe 16X,y
1 L2HLIQ.ENTHALPY, 11Xy LIHLIQ.DENSITY,9X46HRE GAS,5X,6HPR GASy
24Xy 6HRE LIQyTXy 6HRE LIQ+0Xs6HPR LIQ/L1X36HSTATIC,3X,5HTUTALy4X,6HS
BTATIC+6Xy SHTOTAL»6Xs6HSTATIC ) 5X3 SHTOTAL s TXy4HEILM, 7TXs 4HFILMa6X,y
AGHBULK 39Xy 4HFILMy 8Xy 4HF ILM/ 11Xy THIVUEGeR 192X, 4HPSTA, 5X 4 6H3TU/LB, 6X,
S56HBTU/LB,IXs 9HLBS/CULIN// /)
DO 148 3=1,N
148 WRITE (64150) J,(SEE(I,1}, [=18,28)
157 FORMAT(3X,13,F1041+F92042F114292F1145+E13.3,F9.3,2£13,.3,+9.3)
WRITE {6,152)
152 FORMAT(LHL///1X, THSEC.NDOwy 1X9 BHR DVER F42X, LOKTUBF DELTAy 22Xy
1 LBHTUBE WALL STRESSES,L15XsIHAVG.METALy3XyS5HYIELDsSX,y
2THCOEF ¢UF s 6Xy THYDUNG®* S/ 31 Xy THLUNG. AV 3 X9 BHLONGOUT y 4 X, THLONG. INy
34Xy BHTANG OUTy 3Xy THTANG. INy 4 Xy SHTEMP. 9 3X¢ BHSTRENGTH 4 Xy THLINLEXPy
46Xy THMOUULUS/ 21 X9 5 ING ) 96X SHIPSE} y6XsSHIPST) 46X, 5A{PSI) »6Xy SHIPS
S1)36X¢oHIPST} 55Xy SHUEGeRy4XsSHIPST) 46Xy THLIN/IND o TX,5HIPS1VZI/7)
00 154 J=1,N
154« WRITE (64196} Jy{SEELJ, 1), [=29,39)
156 FORMAT{2Xy13,F10.3,F11.5y5F11.0,F%.0,F11.0,2E13.3)
DELTT=TL-TLIN
DELTP=PLIN-PL
WRITL {6,158) QTIT,ATO1,WwGHT,DELTT,DELTP
158 FORMATILHL////3%,2THTOTAL COJLANT HEAT PICKUP =,F10.292Xy THBTU/SEC
1 /79X 2THTDTAL NOZZLEF WALL AREA =4F10.242Xy645Q.IN.//9X,
227HIUTAL NUZZLE WEIGHT =yFl04242X93HLBS/ /73X, 274TOTAL LDOLANT
3 TEMP.DELTA =,F10.,292Xy5HDEG.R//9X,27ATITAL COJLANT PRESS.UELTA =
49 Fll.242Xy3HPST)
WRITE (64160}
160 FORMAT(//50XsSHTITLE/ /50Xy THRESULTS/////50X, 16HFUTURE REVISIINS//)
GO Tu 4
ENV

(i



SUBROLUTINE CUBL (X,Y,J)

COMMIN/SIATEL/S55(50) /STATE2/UL3)/STATE3/L(215)/STATEG/IKIS *}
COMMUN/ST/HE10)

COMMGN XZ{6),TL

EQUIVALENCE (TL,TS)

EQUIVALENCE (P 45S(6)),0 T »S5{26) ), {NF ;53(5)),(CP,55(31))
EQUIVALENCE (AK, 5503011, (VL,SS{15)),(V64SSUL61),(VFeS3(19))
EQUIVALENCE (AM;SSU271), (HF4SS{17)) 5 (NCAL,H(12))

p=y

1F{JanE.C) 60 TO 10

NCAL=1

NF=1 .
us=2.

Ui3)=1.e-56

vi=.25

VG=4.

3506)=.5

VF=.5

55(8)=vF

CALL »TATE §

RETURN

NCAL=NCAL+¥]
IF(J.01e 2) GO TU (11911slls12)4J
55(7)=T1s
$>t12)=X

CALL STAIE (J)
Ale)=55(12)
{7 «/55(8)
H{Z2)=3>5(19)
Al51=53(9)
RETURN
$5(7)=X

CALL STATE (1)
H{o)=55(12}
HUT /a5(8)
Al5)=55(3)
RETURN

>5{2601=X

LALL STATE (J)
H(2)=55(31)
HE3)=5,(27)
Hi&4)=55(30)
Hi5)=55(9)
H{6)=55{12)
H{7)=1./5S5(19)
AlE)=55(28)
RETURN

END



12

15

oV P N~

SUBRUUTINE STRESS

CUMMON QUOM, GLIQSy TGE s TGF 4 TWGGy TWL 9 TL 4 PLy VLOFyEML, ALy DF y OMs FF 9 HGF
HLF4C11,4C22+C33,QL4QNsRDsRTyHCP s WC Py DHL o WALT,, TOTHT, 1LS,PT,
HLS HLTyRS2,RTLyRG4 PGy RLByRL4PFyROVT,UELT,SIGLON,SIwGLOO,
SIGLII+SIGUUTSIGIN, TMETsSIGALM, ALPHAL,E
FINPUT/AXES5I 9 DAG{5D ) ANREBIS3) 4 PHIISDI) 9 THI5.) 4 THGEOEG) o
TGSI53) +PGS{50) y COEFGIS0) s CUEFLI5D),RCI5D),QRADIS ),
UGEN{50) 4 SHELTH{50)

COMMUR/ INPUT/DEN+ SECsGePL,PGSLyCPHy AMUL, ES, wLHT 1 NgR Y

REAL KMET

IF(N. G6T. L)} GO TO 9

RAD=57.29578

E=XKMET{3,TMET)

A=KMLT(4,TMET)

VSLl=0s

EN>1=END

US=2. & [RI+HLP/CPH)

ENS=-L# (PGH#PGSL) #(DS1wDS1-DS#DS)
ENS=ENS/{4.wDS¥CPH)+ENS1#DSL/05#COS((PHI-PHIL)/RAD)
ENT=PGS#0S*G/CPH

RX=RT+GuTd

E6=0.U

e7=Eo

PF{SHELTH.EW.D.D) GO TO 12
E6=(ENS-AMU*INT ) /ES/SHELTH
ET=(ENT-AMUSENS)/ES/SHELTH
Z=RX#(PL=-PGLS)/E/TH

ALPHAL=KMET(4,G2{ TMET+TL) )

W=ALPHAL*{ TMET-TL)

EB=vi-AMU/

EF=L+W
DELT=2.#{{E3-AMU* (L 6~EB} ) #IX-P1/ANWES*ET#*R])
T11=t*(1l.06BeTW*DELT/RX®#2/ (1 e-AMUS#2)-Ax{THG-TWL)/ 2o/ {La—AMU})
Tle=tel2-.2796#UELTaTHee2/RXu%3/[1.-AMJx%2))

SITL0UT=TL2+T11

SILIN=T12-T11

E15=E0-tb

SIGLUN=E®E)S
SIGMBT=E% AR (TWOL-TWLI/ (2.2t 1lo~ANMU))
sIGLU TGLON=-SIGMBLT
SIGLUI=SIGLION+SIGMBY
STIGALM=KMET(2,TMET)

RUVT=RX/Td

ATu=aT

AT=TW*{2.#ALP+P 1 #RT)}#ANWLD
VI=.5«5EL# (ATU+AT } VT

SU=2. #RU+SHELTH*CPH

ASU=A>

AS=P1#50#SHELTH

V5204 2#5EC* {ASU+AS) +VS

IF{Nsbwsl) RETURN

WOGHT=UEN® (VT +VS)

RETURN

£NU

REAL FUNLTIUN KMET(N,TL)
LOMMUN/MET/TEMP L, TEMPZo XU 1D54),XZ(20)
VIMENSIUN TEN(4)

VATA {TENUI)1=144)3/.03501,100045100000C4, 202001/

T=T¢

IF(TEMPL.GTLT) T=TEMPL
IF(TLMP2.LTWT) T=TLMP2
T=T/VENCZ]

KMET=X(8,N)

K=§

DO 14 J=1,7

K=K=1

KMET=X{K)N) +T#KMET
KMET=KMET#TEN(N)
RETURN

END

79
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80

EV

COMMON

TPV O~NCVMP BN

DIMENS
EQUIVA

[ey X

REAL K
LOGICA
WAMEL |

WA

DATA P
1 9
2 1
Do 21
AX(1L)=
TEMP3=
00 4 |
DO 4 J
X(1,4)
WRITEL
FORMAT
READ(S
10 FORMAT

READ(S
CONV=1
UNITS=
CALL §
ONM1=Q
QI=QES
P=PLIN
TL=TLI
T1=TLI

~

oo

EVALUATION PROGRAM

ALUATION PROGRAM FOR CONVECTIVELY COOLED NDZZLES
X{10+5) 2 TEMPL 4 TEMP2, TEMP3
JINPUT/AX(S50),DAG{50) s ANWEB(50),PHI(50),TWI50) yAREAL(50),
TGS(50)+PGS(50)4COEFG(50) s COEFLI50) s AREACR{50) yROUGH{50),
RCE50)¢QRAD(50) 4 QGENI50) y SHELTH( 501, TKCER{5D), TESIC(50)
/OUTPUT/DELPF(50) yDELPM(50) yCFLIQ{50) HGF(53)4HLF(50),
C1(501,C2(50)4C3{50)4QSECI50),QNUCPT(50},ADSH(50),
RADIUS(59) yHEIGHT(S52} ¢ NIDTH{50),0HLI50), AWALLIS0) 4 HIGH(50},
TLSTAT(50),PLTOT{50) ¢HS({50) 4HT{50) 4ROSI52),RUT{50),
REGF{50) s PRGF(50) yREBULK(S0) »RELF{5C)yPRLF(50) 4ROVT{50),
DELT(50),SIGLON{50),SIGLOO(50),SIGLOI{53)sSIGOUT(50),
SIGIN(S50) ¢ TMET{50) 4 SIGALM{5{ ), ALPHAL{50)4E(5C)
/STATEL/STORE(SO)/STATEZ/UNITS,COMP,CONV/STATE3/CS(215)/
STATE4/JUNK(50)

ION DUMMYI{50,18},DUMMY0{50,39),CT(9)

LENCE(DUMMY [,AX), {DUMMYO,DELPF),

{PST34,STORE(6)) s (CPSTA4,STIRE(31) ), (TSTAT4,STORE(26)),
{RSTA3,STURE(B) ), (AMUST4,STORE{27) ), (AKSTA4,STORE(30) ),
{TSTA3,STORE(T)) o {ENTH33,STORE{L12) ), {3STF4,STURE(19))

MET

L LESTCl, LESTC2, LESTC3, LESTC4, LESTCS

ST /STUFF/TWyDHG+AXy TGS PGS+ ANWEB,AREAL s COEFLyCOEFG, PHI»QRAD

sy TKCERy TESTCy SHEL TH, RCyAREACR yROUGH QGEN, NUMB, COMP s AMU
TLINyPLINSBRAZy AL WGyDIAMyDEN,ES) TEMPLyTEMP2 TEMP 3, X,y
QEST,TCER, IWGE s TMET1 s F1 s AKR,CT/CONST/CTy Xy TESTC, TEMPL,
TEMP2, TEMP3,QEST, TCER, TWGE s TMETLyF14AKR
1+PI124AsAL,A2,A3,A%,CT/3.1415927,1.5707963,0.083333333,
337.932,0.017453292,1.3868612E-7,5.,7870370E~4+3.0£-6,C.0002,
+090a153.021,0.000150.2014341,+0.2001/

=1,900

0.0

0.0

=1410

=1,+5

=0.0

6,+8)

(1H})

#10) LESTC1,LESTC2,LESTC3,LESTC4,LESTCS
-{5L5)

+ STUFF)

«0E-6

-1.0

TATES

EST

T

N
N

NXX=NUMU+1

T6T=T0
TLENG=
ARCON=
ARDIV=
WRITE(
WRITEL
12 FURMAT
1
2UBEy5X
35H(IN.

SENXX)

ABSTAX(NXX)~AX(2))

DHG{NXX)##2/)]JAM®=2

DHG({2) ##2/D]AMes2

65 LONST)

6912)

{LHL//71X4BHSEC.NUe 93Xy 12HAXTAL LENGTH,4XySHENG.DIAM. +5X,
BHNO+TUBESs3Xy FHANGLE PHI1,4Xy 11HTUBE THICK.s4Xy13HAREA PER.T
y13HSTAT.GAS TEMP 44Xy 14HSTAT.GAS PRESS//16Xs5H{ING) 9K,
)320Xs6H(UEG. ) 98Xy SH{ING) yIXyBHISQe INa} 511Xy BHIDEG. R} »9Xy

46H(PSLAY//])

DO 14
JJ=J-1

J=24NXX



14 WRITE(6416), JJs [OUMMYI{Jy1)y1=1,48)
16 FORMAT(2XvI3+sF16444F15.4,F1201,F13.34F1l4.43F1l5.44F19.1+F16.2)
WRITE {6418)
18 FORMAT(LHL///1X+9H SEC.ND. 22Xy 9HGAS COEF.y2Xy 10HCOOL .COEF.y2X,
1 10HAREA CORR. ¢3X,9IHROUGHNESS y3X, 1 1HRAD.OF CURV,4X,6HQ RAD.y
25X BHNUC « HEAT y 4 Xp L2HSHELL » THICK . ¢ 2Xy L6HCIAT . THKOR RES4//50X,SHUIN
34)48Xe5HIING) 9 TXy BHBTUGPER G 93Xy BHBTULPER. s TXs SHIING) ¢ 6Xy BH{IN) OR
4y LLHSQ e IN-SEC~R/T5Xs IHSQe IN-SEC»2Xy 9HCULIN-SECs 25X, BHPER.BTU.///)
D0 20 J=2,NXX
Jd=Jd-1
20 WRITE{6+22) JJy (DUMMYI(3,1),1=9,17)
22 FORMAT(3X91392Xe2F11449yF120.6+E1543,E14.49sFL1.392F13.34F17.4)}
WRITE(6+24) DEN,ES,AMU,BRAZ
24 FORMAT(///1X,18HAVG.METAL DENSITY=,F6¢342X,9HLBS/CU.INs3 Xy
1 22HSHELL YDUNG'S MODULUS=4E10.372Xs3HPSI,3Xs16HPOISSUN®S RAT
210=yF6.343Xy 12HBRAZE THICK=yF7.432XsS5H{IN.))
WRITE(6126) WGyWLyTGToTLIN,PGSI{NXX) 4PLEIN,DIAM, TLENG,ARCON,ARDIV
26 FORMAT(1H1//9Xs 21HPROPELLANT FLOW RATE +F94492Xy THLBS/SEL 23X,
1 17HCOOLANT FLOW RATE4X9F9.492X, THLBS/SEC//9Xy 1FHCHAMBER TEM
2PERATURE 23Xy FBal92X,6HUEG.R 424Xs 22HENTRANCE CDOLANT TEMP.,
3FBa2y2Xy6HDEGLR //9Xs 16HCHAMBER PRESSURE 6X¢FB.192Xy6HPSIA
424X422HENTRANCE COULANT PRESSyFB.142X,6HPSIA ///43Xy15HTHRUAT DIA
SMETERy L3XsFFa4s2XySHING} /43X, 19HTOTAL NOZZLE LENGTH,BXyF10.442X,
65H{ INe ) /43Xy 26HCONVERGENT AREA RATIO A/A®,3X,F8.44/63Xs25HDIVERGEN
7T AREA RATIO A/A%#,4X,FB.4//)
IF(LESTCL) GD TO 30
WRITE{6,28)
28 FORMAT(42Xs16H C-1 IS NOT USED/)
GO TU 34
30 WRITE(6,432)
32 FORMAT(42X,16H C-1 IS USED /)
34 IF(LE>TC2) GO TO 38
WRITEL6436)
36 FORMAT{42X,16H C~2 15 NOT JUSED/)
GO 10 42
38 WRITEL(6+4D)
40 FORMAT(42X,16H C~2 IS USED /)
42 IF(LE>TC3) GO TO 46
WRITE(6,544)
44 FOKMAT{42X,16H C-3 IS NOT JSED/)
G0 TO S50
46 WRITE(6,48)
48 FORMAT{42X,16H C-3 IS USED /)
5C IF(LESTC4) GO TO 54
WRITEL6452)
52 FURMAT(43X,21HTUBE [S ASSUMED ROUGH/)
60 YO 58
54 WRITE(6+56)
56 FORMAT{43X,22HTUBE IS ASSUMED 5MUDTH/)
58 IF(LESTCS) GO TO 62
WRITE(6460)
60 FURMAT(43X,34HASSUMED FLAT PLATE HEAT CUNDUCTION///)
GD TO 66
62 WRITE(G6464)
64 FORMAT(43X,3CHASSUMED RADIAL HEAT CONDUCTIUN///)
66 STORELB)=0.5
STORE(15)=0.25
STURE(16)=4.0
68 ALSEC = 0.0
RADL = 0.0
HEIGHT=0.0
HEIGHL = 0.0
PEST=PLIN
TH1=0.0
TGLER=0C.D
IT=1
ATOT=0.0
QTuT=
CTRT=
CTRH=
CTRG=
CTRR=0.C
CTRI=
CTR
KKK=1
KK=1
K=1
70 DO 72 L=1,18
J=iT+1
T2 DUMMYI(1,L)=DUMMYI{(J,L}
IF(IT.EQ.1) GO TO 74
ALSEC=5QRT( [ (DHG-DHG1 ) #D.5)##2+{AX-AX1)#s2)
T4 ANGBRU=PHI=A2
CO5A=COS(ANGBRD)
IT=1T+1
IF(TESTC.NE.D.0) GO TO 76
TOVERK=TKCER
TKCER=0.0

81



[

76

78

80

82

84
86

88

90

92

94

82

CALCULATION OF GEOMETRY
WEBT=2.0#TW+BRAZ
GGAS=WG/{ [DHG#=2)}P1/4.0)
IF(IT.GT.NUMB) GO TO 80
BNWEB=ANWEB(I1T+1)
IF{BNWEB.GE.ANWEB) GO TO 89
PHI1=PI/BNHWEB
RADIUS=(PHI1#{DHG#0.5+( TW+TKCER} #*COSA)-WEBT#0.5)/(1.,0-PHIL#COSA)
HOLD=2.0=AREAL-PI2¢RADIUS##2+RADIUS*TH
HEIGHT=HULD/{2.0#RADIUS-TH)
RADSH={HEIGHT+RADIUS+TW)*COSA+DHG*0.5
HIDTH=2.0#PHI1*RADSH-WEBT
THIGHT=HEIGHT
HEIGHT=HOLO/{RADIUS+WIDTH/2,0-THW)
XX=ABS(HEIGHT-THIGHT)
CTRG=CTRG+1.0
IF(CTRG.GT.10.0) GU TO 84
IF{XX.GT.CT(2)} GO TO 78
HIGH=HEIGHT+RADIUS
WP=P[2#RADIUS*2,0#HEIGHT+WIDTH/2.0-TH+RADIUS
RADIUS=RADIUS/2.0
G0 To 88
PHI1=PI/ANWEB
RADIUS={PHI1*(DHG#0.5+{ TW+TKCER) *COSA)-WEBT#0,5)/(1.0-PHI1#COSA)
HOLD=AREAL-PIZ2*RADIUS=»2
HEIGHT=HOLD/(2.0*RADIUS)
RADSH={HEIGHT+RADIUS+THW} *COSA+DHG*0.5
WIDTH=2.0#PHI1*#RADSH-WEBT
THIGHT=HEIGHT
HEIGHT=HOLD/(RADIUS+WIOTH*0,5)
XX=ABS{HEIGHT-THIGHT)
CTRG=CTRG+1.0
IF(CTRG.GT.10.2) GO TO 84
IF(XX.06V.CT(2)) GO TO 82
HIGH=HEIGHT+RADIUS
WP=PI#RADIUS+2. O#HEIGHT+WIDTH
GO TO 88
WRITE(6,86)
FORMAT(///22X,36HITERATION LIMIT EXCEEDED ON GEDMETRY///)
GO TO 268
CTRG=0.0
RAD=RADIUS+0.5#TH
DHL=4.0»AREAL/WP
AWALL=PI2#ALSEC*ANWEB#(RAD)L+RADIUS+TW+TWL}*AREACR
RRATSQ={RAVIUS/RC)w=2
IF(LESTCS) GO TO 90
RADO=RADIUS
RADTW=TH
IF{TESTC.LE.0.0) GO TO 92
RADC=RAUDIUS
RADCER=TKCER
60 TO 92
RADO=RADIUS+THW
RAUTW=RADO#ALOG{RADO/RADIUS)
IF(TESTC.LE.0.0) GD TO 92
RADC=RADO+TKCER
RAOCER=RADC#ALOG({RADC/RALO)
AREAL=AREAL*ANWEB
GLIQ=WL/AREAL
WLARDH=GL IQ=*DHL
TSTAT4=TGS
PST34=PGS
CALL STATE(4)
RGO=A4/RSTt4
IF(IT.NE.2) GO TO 94
FFLIG=0.0
QNUC=0.0
QNUCPT=0.0
GLIQA=GLIQ
GO TO 96
AVGWP=(WP+WP1)/2.0
AREALM={AREAL+AREALL1)/2.0
DHLAVG=4.0%AREALM/ANWEB/AVGWP
GLIQA=WL/AREALM
QNUC=QGEN®*SHELTH#ALSEC*PI#{RADSH+RADSH1+( SHELTH+SHELT1)#3.5)
QNUCPT=QNUC/ (ALSEC*PI#{RADSH+RADSH1 ) ~WEBT*ANWEB)



]
i
b
»

96
98

100

102
104

106
108

110

112
114

116
i18

120

122

124
126

128
130

132
1364
136

138

140

CALC FOR TEMP OF
IF(TESTC)IL1UB,98,100
TGCER=QEST#TYUVERK+TWGE
GU To 138
AKCER=KMET(TCER,5)
XTCER=TCER
TGLER=(QEST/AKCER }eRAUCER+TWGE
TCER={TGCER+TWGE) /2.0
XX=ABS{ICER-XTCER)
IF(XX«LT.CT(3)) GO TU 106
CTRT=CTRT+1.0
IF{CTRT~25.2) 132,102,192
WRITE{6,104)

FORMAT{///22Xy44HITERATION LIMIT EXCLEDEU ON AVG COATING TEMP///}

GO TO 268

CTRT=0.0
TGE=(TGT-TGS )} #AKR+TGS
IF(TESTC)112,110,110
TGF=TGS5+0.58 (TGCER-TGS) +0.22#{ TGE-TGS)
GO TO L4
TGF=TGS40.5#{ TWGE~TGS) +0.22#( TGE-TGS)
TSTAT4=TGF

PST34=PGS

CALL STATE(&)

CPGF=CPSTA4

AMUGF=AMUST4®A
RGF=A4/RSTF4

AKGF=AKSTA4s=A
PRGF=(CPGF#AMUGF )} /AKGF
TAKR=AKR
AKR=PRGF##0,.33333333
XX=ABS{AKR~TAKR}
CTRR=LTRR+1.0
IF{CTRR.GT.10.0) GO TO 116
IF(XX.GT.CT(5}) GO 1O 108
CTRR=0.0

GO TU 120

WRITE(6,118)

FORMAT(///22Xy43HITERATION LIMIT EXCEEDED UN RECOVERY FACTUR///)

GO TO 268

REGF={ {GGAS*DHG) / AMUGF } »RGF /RGO
REEXG=RELFee.8

PRGEX=PRGFu=,3

HGF={ (PRGEX*COEFGC®AKGF ) /DHG) ¢ REEXG
IFLTESTC) 1284124,126
TWG=TGE-{QLST-QRAD}/HGF~-QEST*TUVERK
60 TO 130

THG=TGE-(QEST-QRAD) /HGF-QEST#RADCER/AKCER
GO0 70 130

THG=TGE-{QEST-QRAD} /HGF
TERMX=ABS{TWGE-TWG)

ABSI5=TWGE

IFITERMX.LT.CT(8)) GD TOU 142
IFITNG=TL) 132,132,134

Q=QEST=0.1

GO TO 224

IF(CTRI.GT.D.0) GO TO 136
THWGE=(THG+THGE) #0.5

GO Tu 138

CALL ETRAT(TWGE, THGy THGXLy THGYL, TRGE)
TWGX1=ABSIS

TWGYL=THO

CTRI=CTRI+1.0

IF(CTR1.LT.25.0) GU TO 96
WRITE(6,140)

FURMAT(///722X444HITERATION LIMIT EXCEEDEU ON TEMP OF GAS WALL///)

GO TO 268

THE

GAS

WALL

83



142
144

146
148

159
152

154

156

84

CALC. DF TEMP. OF LIQUID WALL
CTRi=0.,0
IF(TESTC.GT.0.0) QEST=QEST+RADC/RADO
AKM=KMET(TMET1y1)
THL=TWG~{ LQEST/AKM) #*RADTH)
TMET={TWG+TWL}/2.0
IF(TMET-TL) 146+146,148
Q=QEST#0.1
GO TO 224
TERMX=ABS{TMET1-TMET)
CTRI=CTRI+1.0
IF(CTR1.GT.25.0} GD TO 150
IF{TERMX.LT.CT(3)) GO TO 154
TMET1=TMET
GO TO 144
WRITE(6,152)

FORMAT(///22Xy44HITERATION LIMIT EXCEEDED ON TEMP OF LIQ WALL///)

G0-TO 268

CTRI=0.0

QSEC={ {QEST+QNM1)/2.0) = AWALL+QNUC

QSECWL=QSEC/HWL
CALCULATION OF THE

IF(IT.NE.2) GO TD 162

IF(KK.T.1) 60 TD 206

KK=2

€3=1.0

PL=P

DELPM=G.0

DELPF=0.0

CFLIQ=0.0

PST34=PL

TSTA3=TL

CALL STATE(3)

ROS=A4/RSTA3

ROST=ROS

PLTOT=PL+GLIQ#GLIQ*ROST/{ROS#ROS*T72.176)

PST34=PLTOT

TSTA3=TL

CALL STATE(3)

HT=ENTH33

ROT=A4/RSTA3

HS=HT-A3#(GLIQ/ROS}»s2

ENTH33=HS

PST34=PL

CALL STATE(-3)

EROS=ROS

RO5=A4/R5TA3

ERUST=ROST

ROST=(ROS+ROT)/2.0

XX=ABS{ROS-ERDS}

XXX=ABS(ROST-EROST)

YY=ROST#CT{9)

CTRI=CTRI+1.0

IF{(CTRI.G6T.10.0) GO ¥O 158

IF(XX.GT.YY) GO TO 156

IF{XXX.GT.YY) GO TO 156

CTRI=0.0

TLSTAT=TSTA3

SONICV=STORE(9)

GO TO 206




158 WRITE(6,160)
160 FORMAT(///22Xy54HITERATION LEMIT EXCEEDED ON INITIAL COOLANT CONDI
1TIONS///7)
60 TO 268
162 DELTH=USECHL
IF(CTRQ.EQ.0.0) HS=HSL+DELTH
ENTH33=HS
PST34=PL
TSTA3=TLSTAT
CALL STATE(-3)
RUOS=A4/RSTA3
HT=HT1+DELTH
164 HEST=HS
HS=HT-A3#{GLIQ/ROS)»=2
XXX=ABS(HEST-HS}
YY=ABS(HS#LT(6})
CTRH=CTRH+1.0
IFICTRH.GT.15.0} GU TO 168
IF{XXX.LT.YY) GO TO 172,
166 PST34=PL :
ENTH33=HS
CALL STATE(-3)
ROS=A4/RSTA3
SONICV=STORE(9)
TLSTAT=TSTA3
GO TU 164
168 WRITE(64170)
170 FORMAT(///22Xy43HITERATION LIMIT EXCEEDED DN STATIC ENTHALPY///)
GO 1O 268
172 CTRH=0.0
DELPM=GLIQA#{GLIQ/ROS~GOVERR}/386.088
PST34=(PL+P}/2.0
ENTH33=(HS+H51)/2.0
CALL STATE(-3)
TLAVGS=TSTA3
ROAVG=A4/RSTA3
TSTAT4=T5TA3
CALL STATE(4)
AMULAV=AMUST4#A
RESTAV=GLIQA®DHLAVG/AMULAV
IF{LESTC3) GO TD 174
C3=1.0
GO TO 176
174 C3=(RE>TAV#RRATSQ)e».05
IF(C3.LE.1.0937) C3 = 1.0
176 F2=F1
IF(LESTC4} GO TOD 178
FFLIW=(1.0/(-4.C#ALDGIC(ROUGH/DHLAVG/3.7+1.255/RESTAV/Fle%0.5)))
lee2
GU 70 180
178 FFLIQ=(140/{4.0%ALOGLO(F1##0.5#RESTAVI-0.40))#e2,0
18C FLl=FFLIQ
CTRR=CTRR+1.0
IF(CTRR.GT.10.0) GL TO 182
DELTF=ABS(F1-F2)
IF(DELTF.GT.CT{1)) GO TO 176
CTRR=0.0
CFLIu=FFLIQeC3
DELPF=GLIQA=GLIQA/ROAVG*CFLIQ®ALSEC/DHLAVG/193,.044
PEST=PL
PL=P-DELLPM-DELPF
ABSIS=PL
IF(PL-PLIN#C.3)18B6,186,190




182
184

186

188
190

192
194

196

198

200

202
204

206

86

WRITE( 64 184)
FORMAT(///722Xy43HITERATION LIMIT EXCEEDED ON FRICTION FACTOR///)
G0 Tu 268

PLIN=PLIN+50,0

P=PLIN

TL=11

QEST=ul

QNM1=Ql

WRITE(6,188)
FORMAT(////22%¢28HNDZZLE COOLANT PRESSURE LUST////)
GO TG 68

XX=ABS{PEST-PL)
IF(CTR1.6T.25.9) GO TO 192
IF{XX.GT.CT(4)) GO TD 196
CTRI=0.0

G0 Tu 200

WRITE(69194)
FORMATI(///22X,40HITERATION LIMIT EXCEEUED ON LIQ PRESSURE///)
GO TO 268

IF(CTRILEQ.0.C) GO TO 198
CALL ITRAT{PEST,PLsPQX,PQY,PL)
PQAX=PEST

PQY=ABSIS

CTRI=CTRI+1.0D

60 TU le6
PST34=(PLTOT1+PLTOT)/2.0
ENTH33=(HT+HT1)/2.0

CALL STATE(-3)

ROAVLT=A4/R5TA3

TLAVGY=TSTA3
DELTPT=ROAVGT#AL#DELTH* { TLAVGT-TLAVGS)/TLAVGS+DELPF#ROAVGT
1 TYLAVGT/TLAVGS/ROAVG
PTEST=PLTOT
PLTOT=PLTOTL-DELTPT
XX=ABS{PTEST~PLTOT)
CTRI=CTRI+1.0

IF(CTRI.GT.15.0) GO 70 202
IF(XX.6T.CT{4)) GO TO 200
CTRI=0.0

PST34=PLTOT

ENTH33=HT

CALL STATE(-3)

TL=TSTA3

ROT=44/RS5TA3

GO TO 206

WRITE(6,204)

FORMAT(///22Xy 46HITERATION LIMIT EXCEEDED DN LIQ TOTAL PRESSURE//)

GO TOU 268
TSTAT4=TLSTAT
PST34=PL

CALL STATE(4)
AMUBLK=AMUST4#A
RO5=44/R5TF4
REBULK=WLARDH/AMUBLK



208
2190

212
214

216

218

220

222

224

226

228
230

232
234

236

IF{TWL-TL) 208,228,210
U=QEST=0.1

GO TO 224
TLF={TL+TWL) /2.0
TSTAT4=TWL

CALL STATE (4)
AMUTWL=AMUSTG 2A
ROTWL=A4/R5TF4
TSTAT4=TLF

CALL >TATE(4}
CPLF=LPSTAS
AMULF=AMUST4sA
AKLF=AK>TA4®A

RELF=WLARDH®A4/ {RSTF4=AMULF#ROS)

IF(LESTC2) GO TD 212
C2=1.0

60 Tu 214
C2=(RELF#RRATSQ)##.025
IF(C2.LE.1.0937) C2=1.0
IF(LESTCL) GU TD 216
Cl=1.0

60 TO 218

Z0VZ=(AMUTWL/ROTWL )}/ (AMUBLK/ROS)

C1=1.0+(.01457+20V2)
PRLF={(PLF®AMULF)/AKLF
REEXL=RELFe¢s.8
PREX4=PRLFes.4

PAHLF=(PREX4*COEFLwAKLF/DHL) *REEXL

IF{RC)220,2204222
C2=1.0
HLF=PAHLF#C2e(1l
QI={TAL-TL)#HLF
Q=4 #RAUIUS/RADOD
ABSIS=uEST
TERMX=ABS (QEST-Q)

caLC.

IFITERMX.GT.CT(T)) GO TO 226

CTRQ=0.0
GO TO 236

IF(CTRY.GT.0.C) GO TO 228

QEST=(Q+QEST)#D.5
GO Tu 230

UF

CALL [TRAT(QEST,J,TUX1,TUYL,4QEST}

TQX1=Ad5IS
TQY1l=4

HEAT

IFITESTC.GT.0.0) QEST=QEST#RADO/RADC

CTRI=v.0
CTRQ=CTRQ+1.0

IF(CTRQ-25.0) 96,232,232

WRITEL64234)

FORMAT(///22X+37THITERATIUN LIMIT EXCEEDED ON HEAT FLUX///)

GO Tu 268
VEL=(ULLIG/RIS) #A
AMACH=VEL/SONICY

FLUX

87



CALCULATEION OF STRESS
TMETA=(TMET+TL) /2.0
ALPHAL=KMET{TMETA,4)
ALPHA2=KMET{TMET, 4}
E=KMET(TMET, 3)
SIGALM=KMET(TMET,2)
IF(IT.NE.2) GO TO 238
SNS = 0.0
GO TO 240
238 SNS=-0.125#(PGSL+PGS)*(DHG1##2-DHG##2)/{DHG=COSA)
1+5NS#DHG1/DHG*COS { ANGBRD-ANGRDL)
240 SNPSI=PGS#DHG#0,.5/C0SA
EPSLNM={SNS-AMU#SNPSI}/ {ES#SHELTH)}
EPSLNH=(SNPSI-AMU#SNS)/(ES®SHELTH}
TERML=(PL-PGS)#RAD/(E=THW)
EPSLT=-TERM1#AMU+ALPHAL=*{TMET-TL)
DELT=( {TERM1+ALPHAL*{ TMET-TL) })-AMU» (EPSLNM-EPSLT) ) #2.0=RAD
1=~(PI=EPSLNH/ANWEB ) #(DHL+2.0#RAD/COSA)
TERM2=E£#ALPHAZ# (THG-TWL)/(2.0=(1.0-AMU))
«06B1#EsTWRDELT/((1.0-AMU*%2) #RAD®#2)-TERM2
TERM4=TERMI#E-0.27964E4 TW#24DELT/((1.0-AMUsS2)2RAD*#3)
SIGOUT=TERM4G+TERM3
SIGIN=TERM4-TERM3
EPSLTX=EPSLNM~EPSLT
SIGLON=E®EPSLTX
SIGLOI=S1GLON+TERM2
SIGLUU=SIGLON-TERMZ
ANGRU1=ANGBRD
PG51=PGS
IFLIT.NEL.2) GD TO 242
WGHT=0.0
GO TO- 244
242 SHELTA={SHELT1+SHELTH}/2.0
WGHT=WGHT+{PI2#AL SEC*SHELTA*DEN) # ({DHG1+DHG+2:0#{HEIGH1+
1HEIGHT+RADL+RADIJS+TW+TWI+SHELTA) #CDSA) +{ ALSEC2ANWES
2%0,5# ( IW+TW1 )} #DEN) #{P12# (RADL+RADIUS)+HEIGHI+HEIGHT)
OUTPUT AND NEXT STATION

244 P=PL
ROVT=RAD/TW
ATOT=ATOT+AWALL
QTOT=QTOT+QSEC
IF(K.EQ.2) GO TD 250
IF(TESTC) 248,248,246
246 IF(TCER.GT.TEMP3) K=2
248 1FLTMET.GT.TENMP2) K=2
IF(TMETA.LT.TEMP1) K=2
250 IF(IT.GT.NUMB) GO TO 258
HT1=HT
HS1=HS
GOVERR=GLIQ/ROS
PLIOT1=PLTOT
QEST=Q
QNM1=Q
DHGL=DHG
AXl=AX
HE[GHL=HEIGHT
TWL=TwW
SHELTL=SHELTH
RADSH1=RADSH
AREAL1=AREAL
IF(BNWEB-ANWEB) 252+256,25%
252 WP1=2.0%{WP-HEIGHT-RADIUS+THW)
RADEI=2.0#RADIUS
KKK=2
GO TO 258
254 WPLl=WP/2.0+HEIGHT+RADIUS-TW
RAD1=RADIUS/2.0
KKK=2
GO TO 258
256 WPLl=wP
RAD1=RAVIUS
258 IF(IT.NE.2) GD TO 262
WR1TE(69260)

260 FURMAT(2X, THSEC.ND4 22X, THQ/A QUT4X,6HQ/A INy3X,9HEFF.GAS Ty2Xs
1 BHToREFe13X9BHTCOAT .Gy 3Xs THT oMET oG 93Xy 7THT.METaLy5Xs6HLIQT
214X 6HLIUGP 4 94Xy THLIQoVEL » 4 Xy THMACH NO/B4XySHTOTAL,SX,6HSTATIC/
310X+ 18A(BTU./S5Qa INs~SEC. ) +4Xy THIDEGWR) $3Xy THIDEG.R} s 4 Xy THIDEGR) »
43X THUVEGOR) 43Xy THIDEG R} 94Xy THIDEG R} 93X+ 6HIPSIA) 44X, SHFT/SEC///)

262 DD 264 L=1,39

264 DUMMYU{IT,L)=DUMMYO(L1,L}

JJ=1T-1

WRITE(6+266) JJsQeUlyTGEoTGF o TGCER . TWGs TWL TL 9Py VEL » AMACH
266 FORMAT(3Xy1392F11.295F10.0,F1141,2F10.0,F1243)

IF{NUMB.GELIT) GO TO 70

GO TG 270
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FINAL OUTPUT DATA
268 NXX=[T=-1
270 IF(KKK.EQ.1) GO TO 274
WRITE(6,4272)
272 FORMAT(///25X,41HensaNOTE NOZZLE DESIGN CONTAINS A SPLICE//}
274 IF(K.EW.1) GO TO 278
WRITE(6,276) N
276 FORMAT(///25X,60Hee=s NOTE TEMPERATURE RANGE EXCEEUED ON MATERIAL
1 PROPERTIES)
278 WRITE(6,280)
280 FURMAT(LHL///72Xy THSECNO 12Xy 1OHFRILP.OROP,2X, 10HMOM.P.DROP,2X,
1 BHFRIFACT, 7Xy 3HHGF ) 11X9 3HHLF 4 LOX4 2HC1,9Xy 2HC2y 8X,2HC 3, TX,
29HU/SECTION+6X, THQ/A NUC//13Xe5H(PST) 88X, SHIPSI) ¢ 17X, 21HIBTU/SQWIN
34SEC.DEG.R} 139X,y THBTU/SEC+4X, L3HBTU/SQ. IN.SEC///)
U0 282 J=2yNXX
Jd=J-i
282 WRITE(64284) JJ,(DUMMYO{J,10,1=1,102)
284 FORMAT(3Xy1342F12.293F13.5,3F11.3,F12.1,F15.3)
WRITE(6,4286)
286 FORMAT(LHL///2XeTHSEC.NU.6Xs IHSHELL RAD,8X,
1 1IHTUBE RADIUSs6Xs11HTUBE HEIGHT»6Xy LOHTUBE WIDTHs9Xs THHYD.D
21AsTXs IHWALL AREA,6Xy 1THTOTAL TUBE HEIGHT//18X,5H{IN.}311Xs5H{IN.)
3912Xy5HUING) 913Xy SHOING )9 12Xy SHEING) 512X, THISQIN} 912X, 5HUING)Z//)
DU 288 J=2yNXX
Jd=4-1
288 WRITE(6,290) JJ,(DUMMYO(J41),1=11,17)
290 FORMAT(3Xs13,7F17.4)
WRITEL6,292)
292 FORMAY(1HL///2Xy THSECND4 92X 6HLIQeTa 33X 6HLIQMP« 96X,
1 12HLIQeENTHALPY 11X, 11HLIQ.DENSITY, 9X, 6HRE GAS:5X, 6HPR GAS,
24Xy 61RE L1Qs TXy6HRE LIWs6Xy6HPR LIQ/L1Xy6HSTATIC»3X,5HTOTAL4X,6HS
3TATIC,6Xy SHTOTALy6Xy 6HSTATIC, 5X¢ SHTOTAL » 7Xy 4HF ILMy 7X4 G4HFILM, 6 X,
44HBULK 39K 4HFILM, BXy4HFILM/ 11Xy THIDEGWR) » 2X, 4HPSTA,5X 6HBTU/LBy Xy
S6HBTU/LUy IXy IHLEBS/CULIN//Y)
DO 294 J=2Z,NXX
Jd=J-1
294 WRITE(6,296) JJ,(DUMMYO(J,1),1=18,28)
296 FORMAT(3Xy13,F10.1,F9.042F11.2,2F11.5,€E13.3,F9.342E13.3,F9.3)
WRITE(6,298)
298 FORMAT{1H1///1X, THSECNDO.,1X,8HR OVER T¢2Xy10HTUBE DELTA,22X,
1 L1B8HTUBE WALL STRESSESs15Xy9HAVG.METAL,3X,5HYIELD,5Xy
27THCUEF JUF  6Xy THYDUNG' S/ 31Xy THLONG. AV, 3Xs BHLONG2OUT 34Xy THLONG. IN,y
34X BHTANGOUT 93Xy THTANG« INy 4X 2 SHTEMP. 4 3Xy BHSTRENGTH 4 Xy THLINLEXP,
46Xy THMODULUS/ 21X 5HUIN. } 46X SHIPST) y6Xy SHIPSI} 4 6XsSH{PS1}»6Xs SHIPS
SI)s6XyoHIPSI)5Xy SHOEG.Rs4X o SHIPST) o6Xy THIINZINI o TXoSHIPSEN// /)
DO 360 J=2,NXX
Jd=d-1
300 WRITE(6,302) JJ,{DUMMYO{J,1),1=29,39)
302 FORMAT{(2X,13,F10,3,F1145,5F11.0sF9.0,F11.0,2E13.3)
DELTT=TL-TLIN
DELTP=PLIN-PL
WRITE (64304) QTOT,ATOT,WGHT,DELTY,UELTP
304 FORMATI(1HL////9X,2THTOTAL COOLANT HEAT PICKUP =,F10.2,2X, 7THBTU/SEC
1 //9Xs2THTOTAL NOZZLE WALL AREA =9FLl0.2¢2X,6HS5QeIN//9X,
227HTOTAL NOZZLE WEJGHT =9F10.242X+3HLBS//9X,27HTOTAL CUDLANT
3 TEMPLUELTA =4F10.292Xy5HOEG.R//9X,2THTOTAL CODLANT PRESS.DELTA =
4yF1l0.2,2X%,3HPSI)
WRITEl 0y 306)
306 FORMAT(//SO0X,5HTITLE//50X, THRESULTS/////50X, L6HFUTURE REVISIONS//)
60 Tu &
END
SUBROUTINE 1TRAT(V,WyX,Y,2Z)
IFIV-X)12,1,2
X=X=2l.1l
DENOM=V-X
SLOPE={w-Y)/DENOM
IF(SLUPE.EQ.1.0) GO TU 3
OHMI=1.-5L0PE
Z=ABS ({X#SLOPE~Y)/DNML)
GO TO 4
=W
RETURN
ENOD
REAL FUNCTION KMET{TX,N)
COMMON X{1055),TEMPL1,TEMP2, TEMP3
DIMENSION TEN(5)
DATA TEN/1.DE-441.0E391.0E641.0E-6,1.0E-4/
N=ly THERMAL CONDUCTIVITY
YIELD STRENGTH
YOUNGS MUDuULUS
THERMAL EXPANSION
N=5, THERMAL CONDUCTIVITY OF COATING

N

s w

IF(TEMP1.GT.T} T=TEMP1

IF(N.EQ.5) GO TO 1}

IF(TEMP2.LT.T) T=TEMP2

GO Tu 2

IF(TEMP3.LT.T) T=TEMP3

T2T/1000.0

KMET=({X{L NI +TH{X(2,N)4TR(X{3 N} +To(X(oyNI+To(XI5yNI+T#{X(64N}
LeTo{XET NI+TH(XIByN)+TR(X{OyNI+T2XT{10,N}})DDIIIID*TENINY
RETURN

END

o=
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